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XXL. India’s Contribution to Geodesy. 


By General J. T. Wavker, RE, CB, ARS, LLD., late Surveyor-General of 
India. 
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Tue science of Geodesy has long been indebted to India for valuable data contributing 
to a knowledge of the Figure of the Earth. Early in the present century the Great 
Trigonometrical Survey was commenced, as a basis for the general topography of the 
Peninsula, by Major Lampton, who found that in order to obtain exact determina- 
tions of the latitudes and longitudes of the trigonometrical points from his geodetic 
calculations, it was necessary to obtain more exact values of the numerical elements 
of the Earth’s figure. He therefore commenced measuring with great care and exacti- 
tude a meridional chain of triangles, and determined the latitudes of certain stations 
in this chain, thereby producing a meridional arc which he carried up from Cape 
Comorin, in latitude 8°, to the parallel of 18°. After his death this arc was extended 
11° further to the north by Colonel Everest, who brought it up to the nearest point 
to the Himalayan ranges at which it seemed probable that the astronomical latitudes 
would not be sensibly affected by the attraction of the mountain masses. This work 
was completed by the year 1842, furnishing a meridional arc 21° in length, which is 
_ generally known as the Great Arc of India, and has invariably been employed in all 
subsequent investigations of the figure of the Earth. 

From that time onwards chains of principal triangulation have been carried all over 
India, in gridiron fashion, that is to say, by a system of meridional series at varying 
distances of 1° to 3° apart, on either side of the primary Great Arc, tied together by 
longitudinal series on the parallels of Madras, Bombay, and Calcutta, and along the 
northern frontier. Thus a large number of additional meridional chains of triangles 
have been furnished, several of which have been converted into meridional arcs by the 
addition of latitude observations at a large number of the stations. In addition to 
this, a large number of longitudinal arcs have been acquired by the electro-telegraphic 
determinations of the astronomical differences of longitude between certain of the 
trigonometrical stations. This work, so far as available up to the year 1878, was 
employed by Colonel Crarks, C.B., of the Ordnance Survey of Great Britain and 
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Ireland, in his latest determination of the figure of the Earth.* But very much more 
geodetic material has since become available. 

A further contribution to geodesy has been made in the Indian pendulum observa- 
tions which have been taken at several stations of the survey from Cape Comorin up 
to the table lands of the Himalayas, and also at islands in the ocean and points on 
the coast Jines; they have been connected with pendulum observations in England, 
Russia, and America. 

Full details of the principal operations of the Survey, as completed as a whole for 
all India, and finally reduced, are given in the “ Accounts of the Operations of the 
Great Trigonometrical Survey,” which are published in the Survey Office at Dehra 
Dun, in Northern India. These volumes give the measurements of the base-lines 
and of the principal angles, the astronomical latitudes, the electro-telegraphic longi- 
tudes, and the pendulum determinations ; they also show the steps which have been 
taken to make the triangulation consistent throughout with the smallest possible 
disturbance of the facts of observation, and they give the final results which have 
been obtained in each instance. Of these volumes, sixteen have now been published 
in large quarto, the tirst appearing in 1870. They contain both the work which has 
been done by the Survey as a contribution to geodesy, as well as what has been 
executed as a basis for the topography of India. But they are thick, bulky volumes, 
and are not very readily accessible, though they have been widely distributed to 
public libraries. The results of the geodetic operations may, however, be summarized 
and capitulated in a comparatively small space ; it seems desirable that this should 
be done, in order to place them within convenient reach of all mathematicians wishing 
to investigate the figure of the earth. I have therefore extracted from the published 
volumes all that is of essential importance in relation to geodesy, and added to it 
several latitude determinations which I have recently received from the Survey and 
which have not as yet been published, all which I trust will be found of convenience 
and utility in future geodetic investigations. 

I now propose to give first a general sketch of the operations from their origin to 
their conclusion; then to describe the measurements of the base-lines and the 
principal angles, the instruments employed, and the method which was taken to bring 
the very vast amount of measurements, each one necessarily fallible, into harmony 
with each other, so as to secure the smallest possible disturbance of the original facts 
of observation. The next thing will be to give a brief description of the instruments 
and methods employed for the latitude observations, and a synopsis of the results, and 
to do the same for the electro-telegraphic determinations of differences of longitude ; 
then to examine the extent to which these operations have been influenced by local 
deflections of the plumb-line on the meridian and on the prime vertical. It will be 
seen that great deflections of the plumb-line are met with, not only in the vicinity of 
mountain masses, but in plains where there are no elevations or irregularities of 

* “Geodesy,” by Colonel A. R. Crarxr, C.B., Clarendon Press Series. Oxford, 1880. 
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surface, and where the cause of deflection must be variations of density in the masses 
below the ground level. This leads to the combination of the observations in groups 
to eliminate the influence of local attraction as far as possible. Finally, the most 
probable values of the amplitudes, and the lengths in feet of certain meridional and 
longitudinal ares resulting from these combinations, are given. 


General Sketch of the Operations. 


The Great Trigonometrical Survey of India was commenced in the year 1800, when 
a systematic triangulation was initiated in the Southern Peninsula, by Major Lampton, 
with a view to determining the exact positions in latitude and longitude of all the 
objects that appeared best calculated to become permanent geographical marks to be 
employed as the basis of the general survey of the country. Up to that time what- 
ever surveys had been made had depended on astronomical determinations of latitudes 
and longitudes, which were liable—the latter more particularly—to far greater errors 
than the differential determinations of the same elements which might be obtained 
from a good triangulation. The Astronomical Observatory at Madras had then been 
founded, and Major LamBTon made it the origin of his longitudes, through which to 
refer to the meridian of Greenwich. 

But the accuracy of geodetic calculations of latitude and longitude from the data 
of a triangulation depends on the accuracy of the elements of the figure of the earth 
which are employed in the calculations. At that time those elements were not known 
with all desirable accuracy, for though geodetic operations had been completed in 
various parts of the world, they had not yet been undertaken in regions within 33° of 
the equator. Thus Major LamsTon executed a central meridional triangulation with 
the greatest possible precision, and measured the astronomical latitudes of some of the 
stations, thereby initiating the Indian Great Arc as a contribution to the science of 
geodesy, and a means of enhancing the accuracy of his own operations. He carried 
this arc from Cape Comorin to the pirallel of 18°, and made a general triangulation of 
the hill country to the east. and west up to the coast lines, founding it on chain- 
measured base-lines which were placed at convenient distances apart. 

He was succeeded by Colonel Everest, who carried the Great. Arc up to the 
Himalayan Mountains, and made many notable improvements in the methods of 
operation. He introduced luminous signals—heliotropes for observations by day, and 
lamps with parabolic reflectors for observations by night—which were much more 
satisfactory than the opaque signals hitherto employed, and which could only be 
observed during the day-time. He obtained better theodolites for measuring the 
principal angles, and CoLBy’s apparatus of compensation bars and microscopes for 
measuring base-lines in place of the measuring chains which had hitherto been 
employed. He also made an important modification in the general design of the 
principal triangulation, which has resulted in greatly increasing its value for geodetic 
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purposes ; instead of throwing it over the whole country from coast to coast as had been 
done in southern India, he adopted the gridiron form of meridional chains tied 
together by longitudinal chains, the normal directions to be only deviated from on the 
frontier and coast lines, the directions of which had necessarily to be followed. 

Colonel Everest retired in 1843, and was succeeded by Colonel Wavau, under 
whose superintendence a large amount of the principal triangulation was executed. 
Additional great theodolites were obtained, the precision of the modus operandi was 
increased by further refinements, and some of the new chains of triangles became 
superior in accuracy to the Great Arc. Thus they would become available for 
meridional and longitudinal arcs for geodetic purposes by the addition of the deter- 
mination of astronomical latitudes and differential-longitudes, and Colonel WaucH 
took steps to obtain new instruments from England for the purpose. 

Colonel Wauaz retired in 1861, and was succeeded in the superintendence of the 
Great Trigonometrical Survey by the author of this paper, under whom the principal 
triangulation was completed in India proper and carried down through Burma to 
Mergui, and considerable progress was made with the astronomical latitudes and 
differential-longitudes. He retired in 1884, after which the astronomical work was 
carried on under the superintendence of Colonel GEorGE STRAHAN. 

It should be here stated that in order to place all the principal triangulation on a 
satisfactorily uniform basis of accuracy, Major LamMsBton’s portion of the Great Arc 
has been wholly revised, and the gridiron system has been carried down the east and 
west coasts of the Peninsula to the parallel of Madras, and down the east coast to 
Cape Comorin, with a branch series across the Straits of Manaar, to form a connection 
with the triangulation of the Island of Ceylon. The annexed chart (Plate 18) shows 
the whole of the principal triangulation which has been executed up to date, and also 
the secondary triangulation outside the limits of the principal; a vast amount of 
secondary work has also been executed within the limits of the principal as a basis for 
topographical surveys ; but all this is omitted, as it would only confuse the chart. 

I now proceed to give sufficient information regarding the principal triangulation 
and the base-lines on which it rests, and the method by which the whole has been 
finally reduced and rendered consistent all over India, to indicate the value of the 
final results and the amount of confidence which may be placed on them for future 
geodetic investigations. 

The Base-lines. 

The base-lines are ten in number; half of them are situated on the Great Arc, 
at Cape Comorin, Bangalore, Bider, Sironj, and Dehra Dun, and the remainder at 
Attok, Kurrachee, Sonakhoda, Calcutta, and Vizagaparam, which are situated at the 
further corners of certain of the gridiron figures which have been made in combina- 
tion with various sections of the Great Arc. They were all measured with CoLsy’s 
apparatus of compensation bars and microscopes, which is described in detail in 
vol. 1 of the ‘ Account of the Operations,’ and in many other publications. 
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Though the base-line measurements were invariably carried on under tents, for the 
protection of the bars and microscopes from the rays of the sun, it was soon found 
that the lengths of the compound bars did not remain constant throughout the day ; 
they were consequently compared systematically with the standard 10-foot iron bar of 
the Survey for three days before and after the measurement of each base-line, at the 
same hours as the actual measurements, and their lengths were assigned accordingly. 
It was at first supposed that the compensation points had not been exactly fixed by 
the makers ; but eventually it was found at the Cape Comorin base-line—where a 
line of about one-fourth the usual length was measured over four times, in order to 
test the apparatus—that whichever of the two components of a bar was nearest the 
sun acquired heat most rapidly, notwithstanding that they lay side by side in a stout 
deal case, and were further protected by tents. The variations in length, however, 
though very sensible under high microscopic power, were not of a material magni- 
tude; and as in the comparisons of the compound bars with the standard which 
were made at each base-line, the bars were invariably set up parallel to the 
line of the measurement and compared during the hours in which the measurements 
were made, the errors arising from the variations in length must have been largely 
eliminated. 

The mathematical probable errors of the base-lines are investigated in chapters ix. 
and x. of vol. 1, where it is shown that all the ten base-lines may be practically 
regarded as of equal weight, and that their probable errors may be taken as equal to 
+ 2°6 millionth parts of the length measured, which corresponds to 108 feet in the 
length of the polar axis of the earth. 


The Principal Triangulation. 


The principal angles were all- measured with theodolites whose azimuthal circles 
ranged from 36 inches down to 15 inches in diameter, the larger circles being 
furnished with five and the smaller with three micrometer microscopes for reading the 
graduations. More than three-fourths of the angles were measured with the larger 
theodolites having circles of 24 or 36 inches in diameter. All the instruments are 
described in Appendix No. 2 of vol. 2 of the ‘ Account of the Operations.’ 

The signals between which the angles were measured were invariably luminous, 
heliotropes by day, and lamps by night. y 

The system of operation was specially devised with a view to eliminate the gradua- 
tion errors of the azimuthal circles to the utmost possible extent, by systematic 
“ angular shifts in the position of the zero of the circle in the course of the successive 
measurements of each angle, so that the microscope readings during the telescope 
pointings to any object might be taken at several equidistant points on the circle. The 
distances were taken first at 9°, aud afterwards at 7° 12’, for circles with five micro- 
scopes, and at 10° for circles with three microscopes, producing a greater number of 
changes of zero for the latter than for the former. Thus in the finul mean result, 
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periodic errors of graduation are eliminated, and accidental errors are largely cancelled 
because of the large number of graduations employed. Half the measurements were 
made with the face of the vertical circle to the right, and half with it to the left of 
the observer, thus cancelling the effects of collimation error, and doubling the number of 
points at which the circle was read, the number of microscopes being always an 
odd number. Sometimes two, but more generally three measures were taken as a 
minimum in each position of the instrument, before changing face or altering the zero 
setting. The minimum number prescribed for the whole of the measures varied with 
the adopted arcs for zero setting, and was usually 20, 24, or 30 for theodolites having 
five microscopes, and 36 for those having three; its completion was an invariable 
condition of observation, and it was always added to whenever unfavourable atmos- 
pheric conditions made it difficult to intersect the signals accurately. 

The observations completed, the weight of each angle was deduced as usual from 
the discrepancies between each measure and the mean of all. For all the later 
triangulation this has been done by a formula which endeavours to take account of 
both the personal error of observation, as shown by the differences between measures 
taken on the same graduations, and the graduation error, as shown by the differences 
between each zero mean and the mean of all the zeros. The theoretical errors 
of mean square of observation and of graduation are given in the ‘ Accounts of 
Operations,’ immediately after the details of the observations of the angles in each 
chain of triangles, and they are combined in separate groups for each observer and 
instrument, and also for observations at stations on hills and at stations on plains, as 
the former are usually taken under more favourable atmospheric conditions. The 
theoretical errors are given only for single observations and for single zeros, for 
which they are mathematically exact ; but the theoretical error of the value of the 
angle deduced from the mean of all the measures, which must necessarily be deduced 
from them eventually, is only exact when the graduation errors are all accidental, for 
periodic errors of graduation, however large, are wholly eliminated by the systematic 
changes of zero. When they exist the theoretical errors will be tuo large. This does 
not matter for the primary reduction of triangles whose angles have all been measured 
with the same instrument ; but it is of importance when masses of triangulation with 
different instruments have to be put together and finally adjusted. Thus it eventually 
became necessary to correct the preliminary weights by the more reliable evidence of 
average weight, which can be obtained trom an examination of the geometrical errors 
of triangles and polygonal figures, of which a large number have been measured with 
the same instrument. 

The following table gives the average values of the theoretical probable errors of 
the angles measured by the several theodolites, which were derived from the actual 
observations. The number of angles and their average probable errors are given 
for each of the separate sections into which the triangulation was divided for final 
reduction, as will presently be explained. 
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The values of the probable error which were obtained from an examination of the 
triangular and polygonal geometrical errors give results which slightly exceed the 
above values, excepting in the case of TRoucHTon and Simms’ 18-inch theodolite, 
No. 1; this instrument has been found to have a large periodic error, which becomes 
eliminated by the adopted method of changing zero, as is shown in Appendix No. 4, 
vol. 2; its true theoretical probable error is only about one-third of the quantity 
shown in the preceding table.* 

The several series of triangles are composed sometimes of single triangles, but most 
frequently of polygonal figures, which are self-verificatory, and add considerable 
weight to the triangulation. The single triangles mainly appertain to the portions 
of the triangulation lying wholly in the plains which were first completed, but, as the 
work proceeded, polygonal figures were employed in plains as well as in hill districts. 

During the recess following each field season, the reduction of the observations was 
taken in hand, the weight of each angle was determined, the corrections to the 
observed angles, which were necessary to satisfy the geometrical conditions involved, 
were computed by the method of minimum squares, the lengths and azimuths of the 
sides, and the latitudes and longitudes and heights of the stations were calculated ; 
the secondary triangulation was treated somewhat similarly, but with less precision, 
and thus all the work of the previous field-season was rendered available for immediate 
topographical requirements. 

But it will be obvious that as the several chains of triangles became completed, 
closing on each other and on the base lines, discrepancies would be met with in the 
values of length, azimuth, latitude, and longitude, which would be presented by the 
different chains at the sides of junction. In order to make the triangulation consistent 
throughout, it was necessary to eliminate these discrepancies by the application of 
small corrections to the whole of the angles, and it became a matter of great import- 
ance to decide how this should be done. To do it with strict theoretical nicety would 
necessitate the simultaneous reduction of the whole of the triangulation which would 


* TroucHToN and Simms’ 36-inch theodolite and their two 18-inch theodolites were landed in India in 
1830. The larger instrument was excellently divided by hand by Mr. Witiiam Simms. The two smaller 
instruments are alleged to have been divided upon TroucHTon’s first dividing engine, but the marked 
differences in their performances, and the existence of a considerable periodic error in No. 1, from which 
No. 2 is free, indicate differences in the method of graduating. The original dividing engine was 
found to be faulty, and was superseded by the celebrated dividing engine which was completed in the 
year 1842, and has afterwards been employed in graduating all the large circles manufactured by this 
firm. Their two 24-inch theodolites which appear in the list on p. 751, were received in India in 1848, and 
were graduated by the new machine. In the same year Barrow’s two 24-inch theodolites were received ; 
they are remarkably well graduated instruments; the angles measured with No. 2 in the North-West 
Quadrilateral show the smallest probable errors of any of the observed angles; they were, however, 
measured under exceptionally favourable atmospheric conditions. Wavcu’s 24-inch theodolites were 
put together in Calcutta in 1846 from the parts of other instruments; most of the other 18-inch and 
15-inch theodolites were similarly constructed, and they all date back to some period anterior to 1830. 
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have entailed the solution of an algebraical problem, presenting upwards of 8000 
unknown quantities, connected together by upwards of 3600 geometrical equations of 
condition, and the operation could not have been commenced until the whole of the 
triangulation was completed. Strict theoretical nicety was, therefore, set aside. The 
triangulation, as a whole, was divided into five great sections, to be treated succes- 
sively, on the understanding-that the whole of the angular corrections for each section 
should be computed simultaneously, but the angles of chains of triangles, which 
might be common to any two sections, should retain the corrections obtained for them 
in the section first reduced, and should not be introduced into the reduction of the 
second section. 

The five sections thus decided on for separate treatment comprise four quadrilateral 
‘figures for Northern and Central India and a trigen for the Southern Peninsula. 
The northern sections lie on either side of the Great Arc and meet at the station of 
Kalianpur, in Central India, which Colonel Everest adopted as the origin of the 
geodetic calculations of the survey; they are respectively called the North-East 
Quadrilateral, the North-West Quadrilateral, the South-East Quadrilateral, and the 
South-West Quadrilateral; the fifth section is called the Southern Trigon, and is 
bisected by the Great Arc. 

In the simultaneous solutions of the several sections much simplification was 
rendered possible by the circumstance that, when a large number of independent 
equations has to be treated, we may select and solve any groups we please, inde- 
pendently, and apply corrections to the angles as deduced without prejudice to 
obtaining the most probable values of the angles ultimately, provided the whole of the 
equations are finally solved simultaneously with such absolute terms as exist after 
the approximations have been made. An important first approximation had already 
been made by the correction of the observed values of the angles for the geometrical 
errors of the triangles and polygonal figures to which they respectively appertained ; 
thus, each polygonal triangulation might be converted into a chain of single triangles 
. by employing the triangles on one flank of the polygons only and discarding those on 
the other flank, and, as the angles had already been made consistent, it did not 
matter which flank was employed. After the final values of the angles on the 
adopted flank had been obtained by the simultaneous solution, those for the discarded 
angles could be readily obtained, figure by figure, and thus the whole triangulation 
would he finally adjusted. 

It is here desirable to observe that the numerous astronomical determinations of 
azimuth, latitude, and differential longitude which have been made at various stations 
of the Survey, furnish a number of external and independent facts of observation with 
which the triangulation might have been brought into accordance. ‘The azimuths 
more particularly seemed to have a claim for introduction, as they were measured 
with the intention of forming a check on the triangulation ; they are very numerous, 
and are given in full detail in the accounts of the operations. But the triangulation 
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of this Survey cannot be forced into accordance with any astronomically determined 
facts of observation without a liability to introduce errors, arising from deflections of 
the plumb-line in astronomical observations, which far exceed the errors ordinarily 
generated in the triangulation. Moreover, other errors would arise, more minute, but 
becoming very sensible in long distances, from the errors in the numerical elements of 
the earth’s figure which were adopted as the basis of the geodetic calculations of 
latitude, longitude, and azimuth. If the triangulation were to be forced into 
accordance with the astronomical determinations, it would become seriously distorted 
in parts and unfitted for employment in further investigations of the figure of the 
Earth. Thus, in the final reductions, the lengths of the base-lines and the geometrical 
consistency of the angles were alone taken into consideration, the only astronomically 
determined elements which were employed being those which were adopted for 
Kalianpur, the station of origin of the calculations. 

As each section would have to accept the results of the reduction of a previous 
‘section as final and unalterable, it was obviously necessary to commence the final 
reductions with the section containing the most accurately measured angles and 
follow with the next most accurate section, in order that work of the best class 
might not be injured by being forced into accordance with work of an inferior 
nature. The reductions were commenced about the year 1868, when the North- 
West Quadrilateral was completed, with the exception of two comparatively short 
chains across the desert tracts of Sind and Rajputana, which were postponed until 
the whole of the rest of the triangulation had been completed. The North-East 
Quadrilateral was already completed; but it consists of a number of series of 
triangles which were the first executed after the completion of the Great Arc, with 
less precision than the work of subsequent years, and several of them with the 
inferior 18-inch and 15-inch theodolites; and there was reason to fear that portions 
of the triangulation which were carried on towers over the plains of Bengal had 
suffered from slight displacement of the markstones by deflections of the towers 
during the heavy rains of the Indian monsoons, thus altering the lengths of certain 
sides by a few inches in the interval between closing and resuming operations.* The 
North-West Quadrilateral was of much superior accuracy to the North-East Quadri- 
lateral; it was therefore determined to commence the final reductions with that 
section as already completed, leaving the two intermediate chains to be afterwards 
fitted in. By the time its reduction was completed the triangulation of the South- 
East Quadrilateral was also completed, and its final reduction was taken in hand 
next for similar reasons. 

Thus the order adopted for the final simultaneous reductions of the several sections 
was as follows :— 

* The towers consisted at first of a solid masonry pillar, on which the instrament was placed, 
surrounded by a platform of sun-dried bricks and earth for the observer and his equipment; after 
‘deflection was noticed the pillars were built hollow with a vault below, and the markstone was placed at 
the basement, with a passage leading to it. 
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First Section.—The North-West Quadrilateral. 

Second Section.—The South-East Quadrilateral. 
Third Section.—The North-East Quadrilateral. 

Fourth Section.—The Southern Trigon. 

Fifth Section. —The South-West Quadrilateral. 


Full details of the measurements of the observed angles and of the successive steps 
of the reductions and the final results are given in vols. 2, 3, and 4 for the first 
section, vol. 6 for the second, vols. 7 and 8 for the third, vols. 12 and 13 for the 
fourth, and vol. 14 for the fifth. 

The labour involved in each of the great simultaneous reductions was very 
considerable ; the mass of calculation was enormous, and as, in each case, it was all 
interdependent, so that a single error might vitiate the results, great precautions had 
to be taken to eliminate error in each stage of the computations before proceeding to 
the next stage. A description of the practical procedure in the case of the North- 
West Quadrilateral is given by Mr. Hennessey in Appendix No. 12 to vol. 2. Some 
modifications and improvements were introduced in the treatment of the subsequent 
sections by Colonel HerscHeL and Mr. W. H. Corse. But in every instance the 
reduction was a very anxious as well as laborious operation, and its successful 
completion was a matter of much gratulation and satisfaction. 

The numerical values of the several discrepancies in Jength, azimuth, latitude, and 
longitude, at the sides of junction of the chains of triangles and at the base-lines, 
which were met with in each of the sections, and adjusted by the processes of 
simultaneous reduction, will now be exhibited. Afterwards the magnitudes of the 
corrections to the angles which resulted from the calculations will be set forth. 


The North-West Quadrilateral. 


The outlines of this figure, as completed up to the time when its final reduction 
was taken in hand, are given in this sketch. 
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It is composed of eight chains of triangles, resting on four base-lines, one at each 
of the corners of the quadrilateral, viz., at Sironj, Dehra Dun, Attok, and Kurrachee. 
The chains are— 


A, the Great Arc, section 24° to 30°. 

B, the Kurrachee Longitudinal Series in three sections, B,, B,, and Bg. 
C, the North-West Himalaya Series in four sections, C, to C,. 

D, the Great Indus Series in two sections, D, and D,, 

E, the Rahun Meridional Series. 

F, the Gurhagarh Meridional Series in two sections, F, and F,. 

G, the Jogi-Tila Meridional Series. 

H, the Sutlej Series in two sections, H, and Hg. 


The number of angular errors for simultaneous determination was 1650, which 
were connected together by 23 equations of condition, some comprising the errors in 
the direct triangulations between the base lines, and the remainder comprising the 
errors in the circuits of triangulation. The formation of these equations is to some 
extent a matter of choice; in the present instance all the linear or side-length 
equations were first written down, and afterwards the equations to the geodetic 
errors on the circuits ; but eventually it was found preferable, whenever possible, to 
place the linear and the three geodetic equations appertaining to each circuit 
together, as this causes Jess entanglement and labour of calculation in the solution. 

In the following table the errors of the logarithms of the side-lengths in feet, and 
the geodetic errors in seconds of arc, are shown. The column for included triangles 
shows the number of single triangles forming the chain or circuit and omits the 
discarded angles of the polygonal figures. 





Included 
triangles. 






Chains and their sections. . 









Log. side-length. 



















) are ne +'000,0044,0 
B=B,+B,+B, . —-000,0079,6 
C= Cr+ Cr+C5+C, +000,0071,9 
D=D,+D, . +:000,0163,8 
C,—(B, +8) +000,0068,2 
E+C,—(B,+F, +F,) —-000,0124,6 
F,+0;—(H,= +:000,0150,9 






—000,0005,3 
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The South-East Quadrilateral. 


This quadrilateral is composed of six chains of triangles, and its corners rest on the 
base-lines at Sironj, Bider, Vizagapatam, and Calcutta. It is wholly executed with 





the best instruments, two small meridional chains near Calcutta, which were executed 
with inferior instruments, having been excluded from the final simultaneous reduc- 
tion. The chains employed are— 


A, the Great Are, section 18° to 24°. 

B, the Calcutta Longitudinal Series in three sections, B,, B,, and Bs. 
C, the Coast Series. , 

D, the Bider Longitudinal Series in three sections, D,, D,, and Dg. 
E, the Jabalpur Meridional Series. 

F, the Bilaspur Meridional Series. 


The number of angular errors involved was 831, which were included in fifteen 
equations of condition, six linear and nine geodetic, presenting the following errors :— 


Errors. 

Chains and their sections. ae 

Log. side-length. | Latitude. | Longitude. | Azimuth. 
ee a ee ea 40 —-000,0016,4 a‘ ‘ 
D,—-(B,+E) ..... 65 —000,0054,9 
Ora Be Se ee ae 65 —‘000,0006,9 
B=B,+B,+B, ... . 54 +-000,0042,5 
D=D,+D,+ Ds . . . 39 _ ‘000,0021 oo 
A+D,—(B,+E). . . .| 100 ei +0050 | —0-214 | +0721 
E+D,—(Ba+F) ... . 109 +°000,0031,9 —0°216 +0°203 —497 
F+D,—(B+C)... .| 154 ba —0'142 | +0239 | —3:89 
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North-East Quadrilateral. 


This Quadrilateral includes the whole of the series of triangles east of the Great 
Arc and north of the parallel of Calcutta. The reduction of this figure rests on the 
final results already obtained, for the section of the Great Arc to the west and for 
the Calcutta Longitudinal Series to the south, from the reductions of the North- 
West and the South-East Quadrilaterals ; it also rests on the Sona-Khoda base-line 
which is situated at the northern extremity of the Calcutta Meridional Series. It 
very clusely touches the base-lines at Calcutta, Sironj, and Dehra Dun, and rests on 
the polygonal figures of which they form a part. ; 

The outlines of the figure are as follow :— 


pehre ai Me 





™ 


corel® 
Thus the angles which came under treatment were those of the following series :— 


I, the North-East Longitudinal Series, in ten sections, I, to Ij. 
K, the Rangir Meridional Series. 

L, the Amua Meridional Series. 

M, the Kardra Meridional Series. 

N, the Gurwani Meridional Series. 

O, the Gora Meridional Series. 

P, the Hurilaong Meridional Series. 

Q, the Chendwar Meridional Series, 

R, the North Parasnath Meridional Series. 

S, the North Maluncha Meridional Series. 

T, the Calcutta Meridional Series. 

U, the East Calcutta Longitudinal Series, in two sections, U, and U,. 
V, the Brahmaputra Meridional Series. 

W, the Eastern Frontier Series, section 23° to 26°. 

X, the Assam Longitudinal Series, in two sections, X, and X,. 


The number of angular errors for determination was 1719, and the number of 
equations of condition was 49 
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The errors to be eliminated were as follow :— 









Errors. 
Included 


Chains and their sections. triangles. 


Log. side-length. | Latitude. Azimuth. 





K+I, 44 +:000,0287,1 +0°939 +11°60 
L+1,—-K . 82 —-000,00073 | —0-352 1432 
M+L-L . 81 +-000,0482'3 | +0-925 — 6:80 
N+L—M | 79 —-000,0641,0 | —1-209 +1018 
O+1,—N 73 +-000,0169,4 | +0:383 — 079 
P4+L—0 73 +-000,00821 | +0-211 + 484 
Q+1,—P 69 —-000,0132,9 | —0-357 — 574 
R+L-Q 55 +-000,0196,7 | +0303 + 444 
S+1,—-B 52 —-000,0284,6 | —0314 — 2:28 
T+1,—8 83 ae —0-214 + 0°65 
1)+8 ade doce El) 288 +-000,0190,9 

ert tea Bee eet Me +-000,0036,7 
U4+V-X, 1.20} a —-000,0193,7 
U,+V—(1+xX,) |. | 198 - +0:129 + 241 
U,+W—(V+X,) . . 2] 18 +-000,0102,0 | +0173 —13:14 


| 
{ 





The Southern Trigon. 


The triangulation rests on the Bider Longitudinal Series of the South-East 
Quadrilateral and on two of the base-lines of the Great Arc, one at Bangalore, the 
other at Cape Comorin. Its outlines are shown in the following sketch :— 





Cape Comorin Base 


It is composed of seven chains of triangles— 


A, the Great Arc from 8° to 18°, in three sections, A,, A,, and Aj, 
B, the Bombay Longitudinal Series, in two sections, B, and B,. 
C, the South Konkan Coast Series. 

D, the Mangalore Meridional Series, in two sections, D, and D,. 
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E, the Madras Meridional and Coast Series, in three sections, E,, E,, and E,, 
F, the South-East Coast Series. 
G, the Madras Longitudinal Series, in two sections, G, and Gy. 
The number of angular errors involved was 909, and they were embodied in 
22 equations of condition. 
The errors to be eliminated were as follows :— 














Included 


Chains and their sections. tri 
riangles. 





Log. side-length. | Latitude. | Longitude. | Azimuth. 


B,+C—D, . +-000,0136,6 | +0°022 | +40°078 | —0-25 

B+ Di +B.46— —-000,0022,7 | —0-001 | +0288 | —3-68 
+000,0020,0 

A+ 6, +E) +-000,0039,9 0-000 | —0174 | +430 

gt F+A, . + :000,0021,5 

A,—(G,+F) i —0273 | +0424 | —9-04 

et As +:000,0001,1 

K,—E, —-000,0011,7 | —0-042 | —0001 | —032 


The South -West Quadrilateral. 


This triangulation rests on the North-West Quadrilateral and on the Southern 
Trigon. The number of angular errors for determination was 516, and the number 
of equations of condition 24. Its outlines are shown in the following sketch :— 





It consists of six chains of triangles, viz.— 


-G, the Khanpisura Meridional Series, in two sections, G, and Gy. 
H, the Singi Meridional Series, in two sections, H, and H,. 
I, the Abu Meridional Series. 
J, the Kattywar Meridional Series, in two sections, J, and Jy. 
K, the Guzerat Longitudinal Series, in three sections, K,, K,, and Kg. 
L, the Cutch Coast Series. 
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The errors to be eliminated were as follows :— 







Chains and their sections. 








Log. side-length. | Latitude. | Longitude. | Azimuth. 
















GtG. 46624 af 30 +000,0189,8 —o571 | —781 
H—(G,+K,).....| 36 —-000,0212,5 +0407 | —7-11 
Hoth ca 6 wee wl OBB +-000,0027/4 +0065 | —672 
I-~(H,+K) .....| 40 —:000,0185.9 —0:0138 | 42-96 
J-(+Kyth) 1 2. | 49 —-000,00622 | +0139 | —0-072 | +3-05 
Teles es es aa) S48 +-00002571 | +0060 | —0256 | —3-91 






From the five preceding tables we obtain the following table of the average error 
generated in ten consecutive triangles in each of the five great figures, the three 
sections which were mainly executed with the best instruments being shown first, 
and then the two others, into which work executed with the smaller and less accurate 
instruments largely enters. 


Average error generated in ten triangles. 





Section. 
Log. side-length. Latitude. Longitude. Azimuth. 
North-West Quadrilateral . . .| -£ -000,0008,7 + 0°015 + 0°016 + 0°22 
South-East ‘5 u, Bae *000,0004,7 0-011 0:018 0°25 
Southern Trigon . . . . . . 000,0006,1 0009 . 0-026 0-48 
Average for first class. . . 000,0006,5 0012 0-020 0°32 
North-East Quadrilateral . . . ‘000,0031,7 - 0:059 0:038 0°83 
South-West 3 i Se Se -000,0039,3 0-063 0°058 1:33 
Average for second class . . 000,0035,5 0061 0:048 1:08 


The magnitudes of the angular corrections range from 0 to 4”; the following 
table shows the number of corrections of each magnitude which were applied in 
each section. 
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Corrections, and number of angles receiving them. 






Total 
: number 
Section. of es 0 | 3'°0 
angles. | to to 
1", ds" 0. | 4-0, 








North-Western Sandnlaterel 1650 | 1511 


South-Eastern 6s 831 706 
Southern Trigon. . 909 777 
North-Eastern Quadrilateral . 1719 780 ; 5 P 


South-Western g . 516 | 103 


It will be seen that the relative magnitude of the closing errors, and of the 
corrections to the angles, fully justify the decision which was made regarding the 
order in which the several sections of the triangulation should be taken up for 
final reduction. 


The preceding details sufficiently indicate the general character of the triangula- 
tion ; but some further information regarding it is still necessary. 

The geodetic calculations were made on the assumption that the Earth’s figure is 
spheroidal and of the following dimensions :— 


Major axis 20,922,932 feet 
Minor axis 20,853,375 ,, 


These values were originally computed by Colonel Everzst from such data as were 
available in 1830. He computed a second set of constants after the completion of 
the Great Arc in 1844, but they have never been employed in this Survey, and are 
now known to be less accurate than the first set. They are given in the following. 
table, with the constants determined by other investigators :— 

















Major axis in feet | Minor axis in feet a—b 
a. b. oe} G 
: Fi | 
Everest’s second set. . . 20,920,902 20,853,642 67,260 silos 
Larbace ww 20,919,768 20,852,822 66,946 nF | 
A? 205 Henig & al 20,923,713 20,853,810 69,903 Ty a 
Brsskh. . . 1... 20,923,600 20,853,656 69,944 Tr 
Cuarke’s first set. . . . | * 20,926,348 20,855,233 71,115 eens 
Cuarxe’s last sot . . . .| 20,926,202 20,854,895 71,307 vesaT 
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The unit of length of the Survey is the 10-foot standard iron bar A whose 
relations to other well-known standards are as follows at the temperature of 62° F. 


Indian 10-foot bar A = 333331886 in English standard yards. 
5 ig = 1851°14821 in lines of the toise. 
i 5 = 8047°95942 in millimeters. 


The adopted origin of the Survey is the trigonometrical station of Kalianpur, near 
the Sironj base-line, in Central India. The latitude of this station was determined 
by Everest as 24° 7’ 11:26 from astronomical observations taken in 1825 and 
1839-41, and that value is the basis of all the geodetic latitudes of the Survey. 
Subsequently additional observations were taken at Kalianpur, and the whole were 
finally reduced with the latest and best values of star places, as described in vol. 11, 
‘ Astronomical Latitudes ;’ the value 24° 7’ 11°10 was then finally obtained. Thusa 
correction of — 0°16 has to be applied to all the geodetic latitudes to reduce them 
to the final value of the latitude of the origin. 

The azimuth was determined astronomically at Kalianpur, and eventually at a 
large number of stations around ; a comparison of the subsequent determinations 
with the initial azimuth, through the triangulation, led to its receiving a correction of 
— 1”'1 for local attraction ; see section 4, chap. xi., vol. 2. Thus corrected it became 
the fundamental azimuth of the final geodetic calculations. ; 

As the elements of the Earth’s figure adopted for the geodetic calculations so long 
ago as 1830 are not so accurate as those lately determined from fuller data, it is necessary 
here to give as much of the formulee employed as is required to facilitate the conver- 
sion of the given latitudes and longitudes to the values which would have been 
obtained had other elements been employed. The formuls were devised by PuissaNnt 
for the solution of the problem,—Given the latitude and longitude of a station A, 
the azimuth at A of a station B, and the distance of B from a to find the latitude and 
longitude of B, and the azimuth of A at B. 

Let a and b be the major and the minor semi-axes, e the eccentricity = v/ (a?—b?)/a?, 
p the radius of curvature to the meridian in latitude A, v the normal to the meridian 
in the same latitude, \ and L the given latitude and longitude of A, and A the given 
azimuth of Bat A,’ + Ad and L + AL the required latitude and longitude of B, 
and B the required azimuth of A at B; also let c be the distance between A and B 
at the sea level. Then, all azimuths being measured from the south, we have 
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A cosec 1” 


E 


sin? A tan \ cosec 1” 


Bh 


ov 


AN’ = 





2 
zs cos® A sin 2A cosec 1” 


a —y sin? A cos A (1 + 3 tan?d) cosec 1” 


1 Se + 8 tan’ \)sin 2A cos A | 


6 COB A 
1 81 


os 2 
+ FZ cos COBee 1 


Cc . 
— — sin A tan X cosec 1” 
v 





2 
+ ; Si} + 2 tan? + © bie I sin 2A cosec 1” 


AA”, or -—é 


B—(\+A4)= | 


csin A ” 
— —— cosec l 
vy cos Av 
[3 1 c* sin 2A tan > cosec 1” 
Whee: “v2 cos X 
AL’ = 


me + tan® d) 0 tan ) sin 24 cos A cosec 1” 
. — sin’ A tand (1 + 2 tan? d) cosec 1”. 


Each quantity is the sum of four terms which are respectively symbolised with the 
aid of the four prefixes 5,, 5,, 8;, and 5, ; thus we have 
Ad = 8d +3, +8,’ +8,d 
4h =814+5,L 4+ 8,2 + 35,0 
AA = 86,4 + 5,4 + 8,4 + 8,4 


Differentiating with respect to p, vy and e we have 


_ de dy fv de \ gy 
d. Ad = —AX a2 ace a a) 28S. 


d. AL = —aL=—3,1° oe — (BL + 3,L) 2%. 
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Also 
= a {da — 2db — 3 (da — db) sin®\}, 


+ — {da + (da — db) sin?d}, 


o|& ¥ | ol 


_ 1 rate 
= ga ida db}. 


The most probable values of the Earth’s axes at present known are those in 
Colonel CLarkr’s ‘ Geodesy’ from his latest investigations. According to them, the 
errors of the elements of the Indian Survey are da = — 3270 feet, and db = — 1520 
feet. Inserting these values in the above expressions we have, with sufficient 
approximation, 

d. AX = — {'000,011 — °000,251 sin® \} AX + °00795 sin 2X, 
d. AL = + {:000,156 +°000,084 sin? A} AL. 


The corresponding corrections to arcs of 1° in latitude and 1° in longitude, for 
successive parallels 5° apart, are as follow :— 


Latitude | Longitude 
correction. 


Parallel. correction. 


— 0565 
— 0°572 
— 0583 
— 0598 
— 0-616 
— 0637 
— 0°662 





Corresponding corrections to the primarily computed latitudes and ares of longi- 
tude are given hereafter in the investigations of local attraction. 


5 F 2 
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THE MERIDIONAL ARCS. 


Lampston’s first meridional arc was a short one, only 1°35’ in length, which was 
situated about 35 miles to the west of Madras. His subsequent arcs were all portions 
of the Great Arc on the central meridian of India. His operations were at first 
embarrassed by the result that the lengths of the meridional degrees appeared to 
decrease instead of to increase with the latitude, but he very soon found that this 
was due to deflections of the plumb-line at the astronomical stations which were 
caused by local attractions ; this anomaly disappeared when the length of the arc was 
increased and new latitude stations were introduced. 

He employed a zenith sector, by RaMspEN, which was considered a beautiful 
instrument for that time. It consisted of an are of 20°, graduated to a radius of 
60 inches, and a telescope of a focal length of 62 inches; the arc was fixed at the 
bottom of the frame of the instrument, while the telescope was suspended at its 
object end on the summit of the frame, from a horizontal axis which was placed 
exactly over the centre of the graduated arc. Thus, in pointing to zenith stars 
the eye end of the telescope moved over the face of the arc, and it was furnished 
with a microscope for reading the graduations. The instrument could be rotated 
horizontally, and stars were observed with the telescope in the two positions east and 
west on alternate nights. The adjustment for verticality was effected with a 
plummet suspended over the outer end of the horizontal axis carrying the telescope ; 
an arrangement was provided for setting the thread of the plummet exactly opposite 
the dot which indicated the centre of the axis; the thread coincided with the centrai 
line of the graduated arc when the instrument was truly vertical. A full deseription 
and a drawing of the instrument are given in vol. 11]. 

Now, in all graduated instruments, the errors of graduation have usually most 
importance. There are no means of controlling such errors for partial arcs, but, for 
complete circles, they may be very effectively controlled by employing a number of 
equidistant microscopes to read the circle, and shifting their positions systematically 
so as eventually to obtain circle readings at a large number of equidistant points, _ 
according to the method already described as having been introduced by EvErest for 
the measurements of the horizontal angles of the survey. Thus, in conformity with 
his treatment of theodolites, EvEREsT abandoned the zenith sector and introduced 
two astronomical circles in its place. They were constructed by Messrs. TRoucHTON 
and Sims, in 1835, in the form of alt-azimuth instruments, with large vertical and 
small horizontal circles. Each instrument was fitted with a pair of graduated vertical 
circles, 36 inches in diameter, which were bolted together with the telescope between 
them ; the supporting pillars carried a pair of fixed microscopes, 180° apart on one 
side, and, on the other side, a pair of flying microscopes, also 180° apart, which could 
be set on various points of the circle through a range of 70°; change of face was 
made systematically by turning the instrument 180° in altitude and azimuth, and 
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systematic reversals of the pivots in the Y’s were also made in order that the circles 
might be brought in turn opposite the fixed and the flying microscopes. For full 
details and drawings, see vol. 11. 

With these two astronomical circles, EVEREST and WauaGu determined the arcs of 
amplitude of the two northern sections of the Great Arc, in the years 1839-41 ; 
simultaneous observations were taken to eighteen pairs of stars, situated half to the 
north and half to the south of the zeniths of the two stations, and the same stars 
were observed at both stations in order to eliminate errors of star’s place. 

Astronomical observations were then suspended for more than 20 years, during 
which the strength of the department was wholly devoted to the triangulation. In 
1868 two astronomical parties were formed for the purpose of making the recent 
triangulation subservient to geodesy by the measurement not only of additional 
meridional arcs, but of longitudinal arcs also, which the recent completion of electric 
telegraph lines all over the country had rendered possible. 

The two astronomical circles being very heavy and difficult to carry about, two new 
zenith sectors were designed by Colonel StRANGE—a retired officer of this Survey— 
and were constructed under his superintendence for observing latitudes. Full 
descriptions and drawings of them are given in vol. 11, but they must be very briefly 
described here. Each instrument has a pair of sectors, of amplitude 55° with a 
radius of 18 inches, lying opposite each other in a single casting of brass ; they were 
graduated by TrouGHTon and Simm’s celebrated dividing engine, on strips of silver 
hammered into grooves in the brass. The sector plate is permanently attached to the 
telescope, at right angles, so that the two move together. The sectors are read by 
four microscopes which are attached to a fixed horizontal frame, in pairs, 20° apart, one 
pair for each sector. The extreme range of star observation is 174° on either side of 
the zenith. Every star is observed in the two positions, “telescope east” and ‘telescope 
west” in rapid succession, the first observation being taken about 20 seconds before, 
and the last as much after, transit over the meridian. 

One or other of the two astronomical circles and the two new zenith sectors was 
employed in all the latitude observations up to the field season of 1890-91. A zenith 
telescope was then introduced for the first time ; it has no vertical arcs, but determines 
the latitudes by measuring the differences of the zenith distances of north and south 
stars of nearly equal zenith distance with a micrometer in the eye-piece, in accordance 
with what is known as the TaLcotr method of observation. 

The latitude observations after the year 1862 were first taken at additional stations 
on the Great Arc at distances of about 1° apart; afterwards at groups of stations 
composed of one principal and a few secondary stations situated around and within 
a few miles of the principal, to ascertain whether there were any local variations of 
density under the surface of the ground to produce deflections of the plumb-line as 
had been met with on the plains of Moscow. Additional stations were introduced on 
and in the neighbourhood of the Himalayan Mountains to ascertain the influence of 


768 GENERAL J. T. WALKER ON INDIA’S CONTRIBUTION TO GEODESY. 


their attraction. Thus forty-eight latitude stations were added to the primary eleven 
on the Great Arc. Latitude observations have also been made on the following 
chains of triangles—the Rahun and the Gurhagarh series and their southern exten- 
sion through the Khanpisura series to Mangalore, which form an important meridional 
combination to the west of the Great Arc; the Amua, Jabalpur, and the Madras 
meridional series, forming a similar combination to the east ; the Jodhpore series and 
its extension southwards to Bombay ; the Calcutta-Kurrachee longitudinal series, and 
the Bombay and the Bider longitudinal series. 

Latitudes have been observed at 161 stations in all, for a considerable majority of 
which full details are given in vol. 11; for the remainder the details have not yet 
been published, but I am able to give a synopsis of the results which has been com- 
municated to me in manuscript. 

For the computation of the latitudes in vol. 11 a very careful investigation of 
the places of all the stars employed was made from twenty-one star catalogues, of 
which the five Greenwich Catalogues for 1840, 1845, 1860, 1864, and 1872, and 
Madler’s for 1850 were mainly depended upon. Whenever a star was found in these 
six catalogues its place was taken from those which gave results within 1” of the 
mean ; if at least three gave accordant results the mean was accepted ; if the star 
only appeared in two of them, then other catalogues were employed. A catalogue 
was prepared for the computation which shows the value given by each authority, as 
well as that which was finally adopted. 

There are 111 latitude stations in vol. 11; at 94 of these the observations were 
taken with one or other of the two astronomical circles by TRouGHTON and SrMMs, 
or the two zenith sectors by STRANGE; at five they were taken with one of these 
instruments and also with RAMSDEN’s zenith sector, at five more with RAMSDEN’s 
zenith sector only ; in five cases they were taken with the 18-inch vertical circle of one 
of the 36-inch or the 24-inch theodolites; and in two cases, in the Himalayan 
Mountains, with the 10-inch vertical sectors of a 14-inch theodolite. 

As it is a well known fact that some instruments have a tendency to exhibit more 
or less constant differences between latitudes deduced from north stars and those 
deduced from south stars, it has been generally a rule to observe as many north as 
south stars at each station. In the final reductions, even when this rule has not been 
followed, a value of the latitude is always deduced from the north stars and another 
from the south stars, and the arithmetical mean of the two is adopted for the 
final value. 

Astronomical Circle No, 2, and Stranag’s Zenith Sector No. 2, have given results 
throughout which do not show constant differences between north and south stars. 
The two sister instruments have, however, shown marked constant differences, which 
must be here noticed, though it is believed that the errors of each are cancelled in the 
means. 
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Astronomical Circle No. 1 gives the following values of North—South :— 


“l 


In 1839-40, at Kalidnpfr . . . . ....... =. +100 
» 1840-41, at Damergida . . . . . . . 1... 169 
,» 1855,at Kurrachee ........ 2... . 6. =#- 1:04 
», 1864, mean of five stations. . . . . . . . 165 
», 1865, mean of six stations . . . . . . eee OD 
», 1866, January and February, mean of four stations. . . + 0°72 
», 1866, October, to 1867, October, four stations . . . . + 5°95 


The instrument must have met with some mishap between February and October, 
1866, but the nature of the mishap has baffled all search. As a check the latitude 
was re-observed at two of the stations of the last group with Astronomical Circle 
No. 2, and results were obtained very closely coinciding with the means of north and 
south stars originally deduced, showing that the latitudes obtained with the instru- 
ment are quite reliable. It was, however, set aside, and has not been used since 
1867. 

Strance’s Zenith Sector No. 1 has invariably given greater latitudes by south 
than by north stars; the difference increases systematically with the zenith distance, 
rising from 1’°9 for a mean zenith distance of 4° 16’ to 5’"4 for 15°. The latitudes by 
south stars being greatest, the zenith distances are too great; this suggests that the 
sector may have contracted after having been graduated ; the graduation is known to 
have been performed when the sector was a new casting, which may have undergone 
some change before finally settling down. The sister sector is believed not to have 
been graduated until some time after the casting. Whatever the cause, it has been 
recently shown that the mean of north and south stars is free from error, for the 
instrument has been employed at three stations both as a zenith sector and as a 
zenith telescope, and the latitudes obtained from the sectors differed by less than 0”°1 
from the values with the telescope alone. 

The following tables give the results of the latitude observations at each station, 
together with the longitude of the station and its height above the sea-level, the 
instrument employed, and the year of observation. The first table has been wholly 
abstracted from vol. 11; the second gives results which have not yet been published. 
A majority of the stations are principal stations of the great triangulation; but 
in certain localities the latitude has been observed at several points around a principal 
station whose positions were fixed by secondary triangulation; such points are 
practically as valuable for geodetic purposes as the principal stations, but they are 
entered as secondaries in the tables. 


Longi- 
tade of 


station. 


Height 
in feet 
above 


_——_—$—— | | 


Bu 394-04 


Instrument 
employed. 


A. C. No. 1 


Determinations of Latitude, published in Volume 11. 


1805-6 
1870 


} Damargida { 


Name of station. 


Akampalle. Secy. 
Amsot. . . . . 
Aramlia . . 
Arasékulam . 
Badgaon . . 
Bandtr. Secy. ; 
Bangalore | N.E. end 
Base-Lino f S.W. end 
Banog . 1 PAT sa 


Baéuksho. .... 
Black Station. Secy . 
Bommasundra. Secy 
Calcutta. Secy. 
Chendwar .... 
Chikalgurki. Secy. . 
lst visit . 
] 2nd visit . 


Combination . 


Datairi 

Dehra . : 

Deo Dongri . 
Devanir. Secy. . 
Devaragat. Secy . 
Dewarean . 3 
Dhaigaon . 
Dhénura. Becy. 


" f let visit. 
\ Doddaganta. Secy. fis: visit . 


Combination . 


Astronomical 


latitude. 


10 
22 16-02 
25 
13 


13 59 42°63 
22 32 55°58 
23 57 16°82 
14 59 516 
18 3 1462 
18 3 15:22 


18 3 15:13 


28 43 58°67 
30 19 19:56 
23 26 43:17 
17 10 56:88 
16 6 31:98 
26 15 58:32 
19 30 30°82 
20 44 3°35 
12 59 50:89 
12 59 52:14 


12 59 52:08 


07 


05 





044 
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; - Determinations of Latitude, published in Volume 11—(continued). 
3 | Bele 

| \ioigh : Number 
ig 











: Seconds of observed latitude. 
Longi- | in feet ‘ of stars. 
Instrament 3 Astronomical 
are sot ae employed. Year. Name of station. latitude. 
level. N. | S. {By North stars.| By South stars. 
77 351 1140|Z.S.No.2 . . .| 1872 Dotra. Sey. . . . . . . «| 2041 28:254-64 | 10/13! 22°08-4°05 23:43 +. 06 
80 42 | 429 5 . . «| 1885 Etora . . . . ws ws « | 26 54 2263 69 | 14) 15) 22°81 15 22°44 +10 
75 4{| 1204] A.C.No.2 . . .| 1868 Garinda . . . 2. . + «| 2755 30°05 04 | 35 | 35 | 29°25 :07 30°83 -05 
77 48 | 1225 | Z. S. No. 2 1872 Gattindrdyantippa. Secy.. . .| 16 7 4895 ‘04 | 18| 20} 4886 -07 49°04 -04 
74 43 | 7752 | Theod. 10-inch sec- 1860 Gogipatri. Secy.. . . . . .| 33 51 46:93 -68 4] 4} 57:33 :98 36°43 93 
tors 
76 7/1860} A.C.No.1 . . .| 1865 Guréria . . . . . | «624 25 31:98 107 | 30) 30; 32°41 ‘ll 81:57 -09 
82 20 , 2083 | A.C.No.2 . . .| 1866 Gurwéni. . ...... .| 24 128938 09 | 15/15); 2869 :15 29:16 -ll 
eon] 77 43 | 1335 | Z.S.No.2 . . .| 1872 Halda. Secy.. . . . . . «| 19 9 2441 05 | 15) 19] 2417 08 24°65 *05 
@ | 75 36 | 1816 | A.C. No. 2 .| 1869 Harné Ist visit . . . . .| 22 47 2656 10 6] 6] 26°55 °14 26:57 +15 
" " ‘ “5 arnasa ) nd visit. . . . «| 2247 2684 -04 | 36| 36) 26-44 -06 27-21 06 
Combination . . .| 22 47 26:80 -04 
75 13 | 2775 | ZS. No.1 1872 Honnavalli . . . ... . .| 1416 30°76 ‘04 | 15/16; 30°75 -06 30°76 -05 
77 8 | 1579 | Z.S.No.2 . . .| 1871 Honntir ....... . .| 1455 2220 -04 | 11] 11] 22°36 ‘05 22:03 +05 
84 24! 1378 | A.C.No.2 . . .| 1866 Huriléong . . . . .. . «| 24 21674 09 | 25] 25; 1643 -08 17:07 +15 
76 9| 874 " 1867 Isanpur . ..... . . .| 30 38 1603 -06 | 33 | 34 ) 16:19 -:09 15:83 ‘07 
80 31| 536 | Z.S. No. 2 1884 Jarira. . . . .. .. © | 27 59 5022 09 | 138/13)’ 51:18 :13 49°25 13 
74 21 | 1967| A.C.No.2 . . 1868 Jetgnrh 2. ww ww we | 62618 «2802 04 «=| 35 | 35 7:94 :06 8:09 -06 
77 42 | 828 Fy . . .| 1839-40 | Kaliéna . . . ..... | 29 304798 -08 | 18/18] 47:80 °11 4815 12 
77 42 | 1765 | ZS. R. » . «; 1824-25 (lst visit. . . . .| 24 71076 +13 6} 11 11:08 °19 10°44 18 
3 rt A.C.No.1 . . .j{ 1839-40 | 2nd visit . . . .| 24 7 10°92 ‘08 18 | 18 11-42 ‘ll 10°42 -11 
sf 3 A.C. No.2 . . .| 1840-41 Kalianpur< 3rd visit. . . . .| 24 71118 ‘07 | 16] 16 11-68 -09 10°69 -10 
55 5 A.C.No.1 . . «| 1865 4th visit. . . . .| 24 71144 -07 | 40] 40; 12:03 -09 10°84 °11 
oy + r » . | 1865 Sth visit. . . . .| 24 71090 ‘07 | 31} 31} 11:18 -09 10°63 +10 








Combination , . .| 24 711:10 ‘03 
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Dererminations of Latitude, published in Volume 11—(continued). 


GLL 









































Height Number tot 
Longi- in se é vmeace Adtecens of stars, | 50c0nds of observed iatitude. 
ian ate employe a: Year. Name of station.. latitude. ———_—_—_——_ | 

level. N. | 8. |By North stars.| By South stars. 

i 

° A 5 | 
80 28 | 416: Z. 8S. No. 2 1885 Kaénékhera . . . : . . . .! 2551 25° ‘974-08 : 16 | 16 95°88 +14 26° 06 £09 
76 10 | 1652 | A.C. No.1 1866 Kankra 2. + ef 25 37 58-75 06 | 31 | 31 | 5911 -09 58°40 -07 
67 4 35 ” 1855 Karachi (Kurrachee) 24.49 5014 07 | 17] 17! 50°66 -07 49°62 °12 
8118/1966 , A.C.No.2 . . 1866-67 | Kardra 24 44220 -08 ° 25] 25 | 41°85 -09 42°57 +12 
80 2] 1625 |, Theod. 18-inch v.c.| 1867 Karaundi . : 23.10 4507 -29 , 11/11) 46:23 °50 43°90 ‘28 
77: 43] 878 | ZS. No. 2 1870 Bee yeas Secy. 10 56 36°66 -04 26/ 24] 3660 ‘05 36°71 05 
75 21 | 1951 | A. C. No. 2 1870 em. 18 10 45°68 -05 | 34) 34] 45°45 -07 45°87 ‘08 
77 43 | 1487 | A.C. No. 1 1864-65 | Kesri . 25 46 41:57 -06 | 48/48) 42°15 -09 41:00 :09 
74 50 | 1393 | A. C. No. 2 1868 Khamor ; 25 45 11:00 -04 | 37 | 37] 10°69 ‘Ld 11:28 -06 
74 49 | 2751 4 1870 Khdnpisura . 18 45 2263 -06 | 28/ 31) 22°53 +12 22°73 12 
75 3) 731 | A.C. No.1 1867 Khimiina 30 22 11°74 -10 | 25} 25] 14:80 :12 867 ‘16 
77 41 | 1906 | Z. S. No. 2 1872 Kodangal 17. 7 53:74 -04 | 21/17) 53:45 -07 54-02 05 
75 «1 | 2527 | ZS. No.1 1872 Koramtr . 14 8 171 ‘05 | 15 | 16 1:72 -06 169 -:07 
77 441 175 | Z. S.No. 2 1871 Kudankulam. .. . 8 10 23-41 “03 | 27 | 27) 23:52 05 23°30 -04 
79 17 | 2147 | Z. S.No. 1 1871 Kundgol Ist visit . 15 15 1434 -05 | 23, 24) 1435 -07 14:33 °07 
- » “ 1872 } rire {r4 visit . 15151458 ‘05 |16/16| 1454 -07 1462 -07 

Combination 15 15 1446 :04 
78 3 | 347 |Z. S.No. 2 1870 Katiparai . 9 28 47:09 -03 | 28) 29| 47:19 -04 46:99 03 
77:45 | 1875 | A. C. No.1 1865 Ladi. . Be tra 23 8 39:10 05 63] 63 | 40°29 -07 3791 :08 
77 45 | 1815 | Z. S. No. 2 1872 Linganapalte. Secy. . 17. 71340 Of | 21/16) 13:29 06 13°50 ‘05 
' 80 12 | 1923 | A. C. No. 2 1866 Lora .. Rear 23 29 46°30 -05 | 25) 25) 45°93 -07 46°70 ‘08 
74 29 | 2613 | ZS. No. 1 1872 Majala. 16 46 55°45 05) «| 22: | 22] 55:35 -07 55°54 08 
87 8 | 970 | A. C. No. 2 1865 Malineha. : 23 54 2964 08 16/16) 3141 :11 27°86 11 
77:46 | 1294 | ZS. No. 2 1872 Mandala. Secy. 19 2 4284 -06 . 16! 19 42°73 :10 42°94 :07 
74.53! 186 | ZS. No.1 1872 Mangalore 12 5217-76 -04 | 22; 22, 17:82 -06 17:69 :05 
74 50 | 2582 1872 Mavinhinda . 1625 447 -05 | 19 | 19 4°45 07 449 -08 
73 27 | 7000 Theod. 18-inch v v.c.| 1858 Marree. Secy. ; 33 54 37:35 -28 | 11] 11 | 3949 33 35:23 °45 
78 7° 6937) A.C.No.1 . . 1866 Ist visit . 30 27 445 +18 6] 6 7:23 °34 162 :12 
” 1867 Mussooree< 2nd visit 30 27 3°35 25 15 | 18 6:44 °42 0:26 °26 
» oo» A. C. ‘No. 2 1867 3rd visit. 30 27 427 -06 6} 6 458 :08 3:90 -10 
Combination 30 27 424 -06 
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DETERMINATIONS of Latitude, published in Volume 11—(continued). - 


Instrument 
employed. 
Z.S. RB. 
Z.S. No. 1 
Z. 8. No. 2 
A.C. No.1 
Zz. 8. RB. 
Z.S. No. 2 
A. C. No. 1 
Z.S. No. 2 
Z.S.R. 
Z.8. No. 2 
Theod. 10-inch s0C- 


tors 
Z.S. No. 2 
Z.S.R.. 
Z. S. No. 2 


1811 
1872 
1871 
1885 
1864, 
1863-64 
1806 
1870 


1865 
1870-71 
1805 
1885 
1872 
1872 
1860 


1885 
1809 
1871 


Name of station. - 





Namthabad. Secy. . 
Navalir . . . . 
Nimbagal. Secy. . 
Nimkér. Secy. 

NOW: - i. Sete EE ky ay 
NO). 5G a2 4 ok Gye oe 
} Pachapdlaiyam. Secy. { rae Bia 


Combination. 


Pahérgarh ek 4 
Pandalagudi. Secy. . 
Pivagada ay 
Pavia. . . . 
Peddapad. Secy. . 
Pialmudi. Secy. . 
Poshkar . . . . 
‘thn tes 
1st visit . 
yp Panne 2nd visit . 


Combination. 


Astronomical 
latitude. 


Number 
of stars. 


Seconds of observed latitude. 


. |By North stars.| By South stars. 





24 37 2471 = -08 
8 9 29°66 -04 
8 9 29°70 -04 











~ 
cs 
— 
a 
v7 
ou 
= 
ii 
ow 
or 
bo 
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Determinations of Latitude, published in Volume 11—(continued). 


ple 

















| 
Long’ Height | Number | seconds of observed latitude. 
ongi- jin foet Inst t | Astronomical ofretare: 
tude of | above ne AE ae Year. Name of station. latitud 

station.| sea- ; SPI | mone 

level. | | N. | S. |By North stars.| By South stars. 
! | 
77 45 | 167 Z.S.No.2 . 1871 Radhdpuram 817 1:754+:05 | 25 | 18 1774 05 1°73 4°09 
76 9] 78 A.C.No.1 . 1866 Rakhi... 29 17 20°76 -07 | 32 | 32 | 21:25 -09 20°26 ‘11 
67 3 50 Theod. 18-inch v. ¢ 1853 Rambagh . 24 51 20°58 -32 6] 6] 23:57 ‘54 17-63 °36 
75 3] 951! A.C. No.2 . 1868 Ram Thal 28 29 38:81 -05 | 35} 35 | 3821 -08 39:39 -07 
80 31] 541!) ZS. No. 2 1884-85 | Ramudpur 28 22 010 -09 | 14} 14 059 +12 | 215961 ‘14 
79 28 | 1184 | A. C. No.2 _ 1867 Rangir 24 01928 -06 | 25] 25! 19:08 -08 19:59 + -09 
77 38 | 1046 | Z. S. No. 2 . 1872 Rangrai ; 20 48 7:16 -05 | 17] 16 689 -09 743 06 
74°19 | 1542 | A. C. No. 2 | 1868 Rewat. . .... | 2653 5474 -05 | 35 )35] 5454 -07 5489 -07 
75 5 | 779 | A.C. No.1 , 1867 s t lst visit . | 3117 35-46 -08 | 21 | 21) 37:94 +12 33:00 °12 
F » | A.C. No.2 . 1868 \ Sngerpar. { ona visit. 31:17 35°37 08 | 21/21) 3553-11 35°20 -11 
| Combination. | 31 17 35-42 -06 

697 | A. C. No.1 | 1867 Sawaipur. .| 29 39 13:13 +15 | 25 | 25} 1662 -18 962 25 
830 | 1866-67 | Shabpor . ak .| 82 1 3423 +12 | 18] 22} 37:25 -20 31:21 +13 
333 | Z. S. No. 2 | 1870 Shilakarai. Secy. | 9 321553 -04 | 21/19] 15°75 -06 15°31 °05 
1094 | Z.S. R. | 1823-24 | Takalkhera. Secy. .| 21 55017 -18 | 15] 9] 50°82 -12 49°52 °35 
1233 | Z. S. No. 2 | 1872 Talegaon. Secy. . . 19 1 2165 -04 | 16/18] 21:32 -06 21:98 :05 
176 sf | 1871 Tanakarakulam . 8185750 -05 | 22] 14] 5765 -06 57°35 :08 
2050 | A. C. No.1 | 1866 Tdsing ; 27 52 59-49 -08 | 30 | 30} 5984 :10 59°15 13 
851 | A. C. No. 2 | 1869-70 | Thikri. hactns 3a ., 22 1 3:92 -04 | 37 | 37 3°63 -07 417 -05 
125 | ZS. R. 1808 Tiruvendipuram. Secy. . Ll 44 43-40-22 4| 4] 43°70 °30 43:10 “31 
1133 | Z. S. No. 2 1872 Tonsalgutta. Secy. . .| 1618 236 03 | 17] 17 2:16 :06 2:55 °03 
1450 +6 | 1871 Tuagat. Secy. .| 16 9 46°73 -05 | 21; 12] 46°78 -06 46°67 -08 
810 | A. C. No.1 | 1864 Usira . vos .| 26 57 050 ‘07 | 46 | 46 1:25 -09 | 56 59:77 °10 
1125 | A. C. No.2 | 1870 Valvaédi .| 20 44 21:27 05 | 36 | 36 | 2091 -07 21:60 -08 
90 | Z. S. No. 2 | 1871 Vijaydpati .| 8121067 -04 | 27] 15 | 10°79 -06 1054 05 
1439 5 | 1872 Voi. Secy.. . . : | 19 71469 -04 | 16/19) 1441 -06 14:06 :06 
1698 sy | 1871 Yerraginta. Secy. ., 14 48 27°31 ‘04 | 18) 21) 27-47 -06 27:15 05 
617 43 3 ; 1870 Yettimalai ; a | ll 35210 ‘04 | 28 | 28] 5221 ‘05 51:98 ‘07 
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GENERAL J. T. WALKER ON INDIA’S CONTRIBUTION TO GEODESY. 


Longitude 
of 
station. 
77 2 
78 3 
74 55 


79 39 
79 49 


| 83 22 


DETERMINATIONS of Latitude, hitherto unpublished. 


Height 
abov 


sea. 


227-4 
550 
770 

1463 

1490 








Instrument 
employed. 


Zenith Telescope 
Z.S. No. 1 


Z. 8. No. 2 


Z. 8. No. 1 
Zenith Telescope 
Z.S. No. 2 
Zenith Telescope 


Z. 8. No. 2 
Z.8. No.1 


” 


Zenith Telescope 


” 
Z. S. No. 1 


Zenith Telescope 
Z. 8. No. 2 


Zenith Telescope 
Z. S. No. 1 


Zenith Telescope 


Z.S. No. 1 
Zenith Telescope 
Z. 8. No. 1 
Z. S. No. 2 
Zenith Telescope 
” 


Z. S. No. 1 
Z.S. No. 2 
Zenith Telescope 


Z. S. No. 2 


Z. 8. No. 1 
Zenith Telescope 
Z. 8. No. 2 


| Zenith Telescope 


Z. 8. No. 2 
Z.8. No.1 


ys 


Zenith Telescope 


” 








Year. 


1892-93 
1893-94 


1888-89 
1893-94 


1888-89 
1892-93 


1888-89 
1892-93 


1890-91 
1893-93 


1893--94 
1892-93 


1888-89 
1890-91 
1892-93 


” 


1893-94 
1890-91 
1893-94. 
1886-87 
1892-93 
1890-91 


” 


1893-94 
1888-89 
1892-93 
1890-91 
1893-94 


1892-93 
1886-87 
1888-89 
1892-93 
1893-94 
1886-87 
1893-94 
1886-87 
1892-93 
1893-94 
1892-93 
1893-94 


” 





Name of station. 


Ankora. 

Bhimsain . 

Bithnok 

Bolarum 

Bolikonda . eee 

Bombay (Colaba 
Observatory) 

Burgpaili . 

Chamn . 

Chanidna . 

Danapa . 

Darutippa . Eee 

Dehra Dun _ Base 
Line, East end 

Dehra Din Panah 

Deesa . . . 

Dhauleshvar . 

Dhilipalla . 

Diwai . 

Gudali . ‘ 

Guru Sikkar . 

Jambo ade 

Kanheri 

Khanpisura*® . 

Khirsar 

Kistama 

Ladimsir 

Lingmara . 

Mandvi. eae 

Madras Observatory 

Madras, St. Thomas’ 
Mount 

Mooltan 

Nidlamuri . 

Nitali 

Ongole . 

Parampitdi 

Pirmulo 

Rajptr . 

Rajuli . 

Ramgir . 

Sam idri 

Sanjib . . . 

Sarandi Pat . 

Sing4wéram . 

Sitapar . 

Sonada . 

Telu. 

Thob .. 

Vanikonda 

Waltair. 








Astronomical 


latitude. 


18 14 44-914 


27 9 3452 
31 38 2°53 
19 24 26°68 
20 57 28°60 
27 53 25°04 
17 30 7:50 
17 42 29°12 
18 53 39°16 


18 54 351 
26 39 53°49 
24 6 25°45 
15 55 59°70 
15 0 33°52 
30 16 37:29 


30 33 59°62 
24.15 21:18 
18 25 42°91 
16 25 53°48 
19 49 26°90 
14 1 1065 
24 37 47°80 
27 16 31:99 
18 29 21:94 
22°57 


23-7 15°64 
28 56 12°42 
26 3 2:94 
17 36 0:30 
17 43 20°38 


4 


08 
06 


775 





* The latitude of Khanpisura obtained in 1870 being 18° 45' 22'-63 (vol. 9), the value to be adopted is 
18° 45' 22-60. 
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The results given in the two last tables have now to be arranged for the meridional 
and the longitudinal arcs to which they respectively appertain; also the geodetic 
latitudes must be set forth by the side of the astronomical, that the differences between 
the two sets of results may be exhibited. 

Occasional combinations of results must be made in order to place the data in the 
most convenient form for future investigations ; thus for all localities in which groups 
of stations have been observed, with a view to cancelling the effects of local attraction 
_as much as possible, it is obviously necessary to employ the mean of all the astro- 
nomical and the mean of all the geodetic values, instead of the individual values ; 
the hypothetical points thus introduced are as serviceable for geodetic investigations as 
the actual points of observation. And this process must be extended to wider regions, 
where there was no intentional grouping of stations ; thus where several astronomical 
latitudes are forthcoming within a meridional belt of moderate breadth—say not much 
exceeding 1°, so as not to be sensibly influenced by the normal flattening between the 
equator and the poles—the mean of these will obviously be less affected by local 
attraction than the single values, and will therefore represent a truer value of the 
astronomical latitude; either this must be done or some of the astronomical data must 
be arbitrarily rejected. For example: on the Great Arc there are five stations 
between the parallels of 13° and 14° 6’; three of them are LamsBron’s stations, viz., 
Doddagunta to the south showing northerly attraction, and Bommasundra and Pava- 
gada, to the north, showing southerly attraction; LamBron expressly stated his belief 
that the plumb-line was deflected in opposite directions by intermediate masses between 
the north and south stations; but in their investigations of the figure of the earth, 
both BrsseL and CLARKE have rejected the northern stations and eniployed the 
southern one only. Since then two southern stations have been added, at the ends of 
the Bangalore base-line near Doddagunta, which also show northerly attraction ; and 
it now seems obviously necessary to accept the mean of all the stations or to reject 
them all, rather than to accept some and reject the others. Thus the principle of 
grouping has, whenever practicable, been carried through the following tabular ~ 
presentation of astronomical and geodetic latitudes. 

Separate tables have been prepared for the Great Arc, for the meridians of Madras, 
Mangalore, and Bombay ; for the Calcutta and the Bombay and Bider longitudinal 
triangulations, and for the stations influenced by Himalayan attraction. As the latest 


astronomical value of the latitude of the station of origin, Kalianpur, has been found 





GENERAL J. T. WALKER ON INDIA’S CONTRIBUTION TO GEODESY. 777 


to be 0°16 less than the value employed for the geodetic calculations, a correction of 
— 0°16 has been applied to all the geodetic latitudes in the published volumes 
and the addenda to obtain the values given in these tables. 

In the tables the geodetic values are those which were obtained with the elements 
of the Earth’s figure, which EVEREsT computed in 1830, and have ever since been 
employed in all the geodetic calculations of the Indian Survey. The quantities A — G 
are the differences between them and the astronomical values. The quantities A — G, 
are those which would have been obtained if CLaRrKe’s latest elements had been 
employed instead ; they are shown in the table for Himalayan stations and also in 
subsequent tables. 

The last column of these tables gives rough stafements as to whether there is any 
apparent meridional attraction at any station, and if so, whether its direction is 
northerly or southerly, and its amount small or great. In most instances this infor- 
mation is supplied from the notes of the observers, otherwise it is estimated from the 
topographical details in the sheets of the Indian Atlas. 


Name of station. 


Panne ae 
Kudankulam . 

| Vijayapati . 
Arasékulam 
Tanakarakulam . 
Raédhaépuram . 


Group 1 


Pandalagudi 
Kutiparai . . 
Black Station . 
Shulakarai . 





Group 2 . 


Ka&tpalaigam 
Pachapalaiyam 
Yettimalai . 


Group3 . 








CompaRrisons of Astronomical with Geodetic Latitudes. 


Great Arc Meridional Series. 











Latitude. 
































' Height in : + att : 
: Eye estimate of direction and magni- 
} Longitude. feet above Tange tude of meridional attraction. 
ane Astronomical. Geodetic. 
= ‘ op oe ‘ “4 ° ‘ “i uu" -_ 
77° «+40 48 8 29°70 8 27°63 +2°07 
77 (44 175 8 10 23-41 8 10 21:39 +2:02 
77° «(49 90 8 12 1067 8 12 818 +2°49 All in plains within a few miles of the 
77 «47 55 8 13 41:96 8 13 39°36 +2:60 Indian Ocean. No attraction 
77° «Al 176 8 13 57:50 8 18 55:23 
77 45 | 167 8 17) 1% 8 16 59-28 
| Stig 
77 (44 ie 8 12 47°50 8 12 45:18 
78 «8 217 9 23 30°55 9 23 27:53 
78 3 347 9 28 47:09 9 28 4471 : 
78 5 346 g 31 422 9 31 , 114 No attraction 
77 «59 333 9 32 15°53 9 32 13:12 
78 «4 as 9 28 5435 9 2&8 51°63 
77° «43 878 10 56 36°66 10 56 35°81 
77° «40 970 10 59 40°90 10 59 39°72 +1:18 No attraction 
77 «+53 617 11 3 «45210 ll 3 49°84 + 2°26 
77° 45 ee 11 O 3-22 11 0 1:79 +143 
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Great Arc Meridional Series—(continued) 













“V— °AOXO00CHW 




















































Latitude 
Ni f stati ‘| Longitude. rie phe Eye estimate of direction and 
ee a ng baa magnitude of meridional attraction. 
| ° Astronomical. 
| +5 
6] : “ 
. Doddaginta . . 77° «40 3003 12 59 52:08 Very uncertain; possibly slightly 
| Bangalore base, 8. W.end.| 77 42 3016 13 0 3612 {south 
_ Bangalore base, N.E. end .| 77 37 3126 | 13 4 5317 Very slight and uncertain 
‘ Bommasundra. . .| 77 30 2005 13 59 42°63 Probably northern, 
| Pivagada . . . . . .| 77 «19 3022 14 6 18°80 ae southern 
Group 4. | 77 34 13 26 16:56 
; tie 
i | Yerragunta . . . . ., 77 1 1698 14 48 2731 Slightly southern 
! Nimbagal ; 177° «14 1565 | 14 51 5614 None 
Honnir . | 77 8 1579 14 55 22:20 Slightly southern 
| Bandir . . | 7 3 1447 14.57 4441 Slightly northern 
Chikalgurki -; 77 14 1516 14 59 516 Slightly northern 
Namthabad ; | 77° (39 1169 1 5) 51°75 Slightly northern 
{ 
Group5 . . 77°13 14 56 24°50 
Devaragat . . - . 2 77 44 , 1882 16 6 31:98 Slightly northern 
Gattingréyantippe 1.) 77 48 1925 16 7 48-95 Uncertain pu plan be 
Tuagat . . eo af ee BT 1450 16 9 46°73 None T cena ae 
Peddapid . . . . . 1} 77 47 ; 1090 16 17 1413 None ck = 
Tonsalgutta : ; 77° 37 1133 16 18 2:36 None ey 
eee eae ae ———___________. Sa eS 
Group6. . . . .| 77 43 | 16 1 5283 
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"Great Arc Meridional Series—(continued). 
























Latitude. 





Height in E : dnt a j 
. . ye estimate of direction and magni- 
Name of station. Longitude. ey eye oo = Gude oF meridional ativaction: 


Astronomical. Geodetic. 


Pialmudi . .. .| 77 89 | 1869 







4 Somewhat northern 
Linganapille . 2 | 77 45 1815 17. 7 =«=16°50 Uncertain 
Kodangal_ . . . .| 77 41 1906 17. 7 «57-19 - Uncertain 
Akampalle . . . . «| 77 387 1557 17 10 53:80 Uncertain 
Devandr ..... .| 77 44 1593 17 11 (0°27 None, or possibly southern 











Group7 .... .| 77 41 eé 
Damargida. . . . . .| 77 48 1944. 
Achola F 





Group 8 . 
























Talegaon 77 «40 1233 Uncertain 

Mand§&la . 77° «46 1294 None 

Voi. 77° «(37 1439 Somewhat northern 
Halda 77° «43 1335 Uncertain 

Group 9 . os 

Dotra. 1140 Uncertain 

Dhanira 1135 Uncertain 

Badgaon . 1128 Uncertain 

R&ngrai . 1046 None 





Takalkhera . Decidedly (5) northern 






Group 10. 
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Great Arc Meridional Series—(continued). 





Heigh i Latitude. 
: ; _ eee Eye estimate of direction and 
Name of station. Longitude,| feet above magnitude of meridional attraction. 
sea. ; : 
Astrouomical. _ Geodetic. A—G. 
1875 % 8 3910 2 8 43:97 | —487 | Uncertain 
1765 24 #7 11:10 94 7 11:10 os None 
1641 24 56 647 24 56 6:76 —029 Uncertain 
1487 25 46 41:57 25 46 35°65 +592 None 
ie 25 21 24-02 25 21 21:21 +281 
810 26 57 0-50 26 57 6:06 — 556 Slightly northern 
550 27° 9 +3452 27. 9 39:77 —525 None 
é 27. 3 «(17-51 
710 27 50 5313 Slightly southern 
767 28 43 58°67 None : 


28 17 2590 


828 29 30 47-98 Possibly northern to Himalayas. 








‘XSUCOMD OL NOLLOMIMLNOO S.VIGNI NO UAWIVM ‘L ‘£ IVAANAD 


182 





Stations. 


Tiruvendipuram . 


Madras, St. Thomas’ Mount 
Madras Observatory . 


Group 1 


Gudali 
Kistama . 


Group 2 . 


Darutippa . 
Ongole . . 


Group 3 . 


Dénapa . . 
Dhilipala . 


Group 4 





Longitude. 


———_| | | 


80 


80 


Height in 
feet. 


Mapras Meridional Triangulation. 


Astronomical. 


15 
15 


15 


15 
16 





33°52 
52°90 


13°21 


59°70 
53°48 


16 10 56:59 


Latitude. 


Geodetic. 


li 44 37°53 


18 
13 


13 


14 
14 


14 


15 
16 


15 


1463 
400 


Eye estimate of direction and 
magnitude of meridional attraction. 


No attraction 


No attraction 


Slight southerly 
None 


None 
Southern 


None 
A little northern 





‘ESTGOUN OL NOILOGIYLNOO S.VIGNI NO UAWIVA ‘L ‘fC TVEANDO 


682 


Mapras Meridional Triangulation—(continued). 










Latitude. Eye estimate of direction and 






























Stations. feet. magnitude of meridional attraction. 
oe Astronomical. Geodetic. 
Niélamari . 1144 17 1 25°96 17 1 33°47 Slight northern 
Bolikonda . 1370 17. 42 «29°12 17 42 35°66 Insignificant 
Group 5 . - 17 21 5754 17 22 457 
















Some southern 
Slight southern 





Ramgir . 
Burgpaili 






983 18 54 351 18 54 7:04 











18 44 45°23 18 44 46°50 





18 35 25°96 
Group 6 . 
1 









19 24 34°59 
19 49 32:41 


Slight southern 
None 






Ankora . 
Diwai 


19 37 3°50 





Group 7 . 












None 
1” northerly 


20 12 55-29 
20 57 35°80 





Réjali 
Bhimsain 









Group 8 . 15°55 













Bitapdér . Small northerly: f 
Lingmara . Large northerly 
Sarandi Pat Large northerly 


$$ | | | 


Group 9 . 


L‘¢ IVaaNnayp 
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Stations. 





Longitude. 


Mapras Meridional Triangulation—(continued). 


Height in |. _ 
feet. 





Latitude. 

















Astronomical. 

23 10 45:07 23 10 
23 29 46:30 23 29 
23 20 15°69 23 20 
24 4 42-20 

24 37 2471 

24 21 3-46 24 21 
25 27 21:18 25 27 
25 51 25:97 25 51 
26 15 5832 26 15 

paste 

25 51 35:16 2 51 
26 54 22°63 26 54 
27 21 «8:16 97 21 
27 7 «45°40 27.7 
27 59 5022 27 59 





Geodetic. 


39°86 
41°37 


19°62 










A—G. 


+521 
+493 


+507 


+035 
+1°83 


+1:09 


+395 
+518 
+559 





Eye estimate of direction and 
magnitude of meridional attraction. 


Slight southerly 
None 


Northerly 
If anything slight southerly 


Slight southerly 
None 
Slight northerly 


Possibly slight Himalayan attraction 


v8Z 
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MANGALORE Meridional Triangulation, combining the Rahun and the Gurhagarh Meridional Series. 










Latitude. 
















Stations. 
Astronomical. Geodetic. 
Mangalore . 12 52 14-60 
Koramur 
Honnavalli . 


Group 1 . 






Kundgol. 
Navaltr . 


Group 2 . 


Mavinhinda 
Majala 


Group 3 . 


Kem... 
Khanpistra 





Group 4 . 


Eye estimate of direction and 
magnitude of meridional attraction. 


Slightly northern 


Northern 
Southern 


Slightly southern 
Slightly southern 


None 
Slightly southern 


None 
Slightly northern 
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MANGALORE Meridional Triangulation, combining the Rahun and the Gurhagarh Meridional Series—(continued). 

























Latitude. 
: . Height in Eye estimate of direction and 
Stations. Dongitnde, feet. Watroncuiieal Geodetic, A—G. ‘Magnitude of meridional attraction. 
Dhaigaon . . . .. .| 7 15 | 1553 19 30 30:82 Yo 30 3488 | —406 | Slightly northern 
Valvéadi. . . . |. “| 75 14 1125 20 44 21:27 20 44 27:57 —6:30 Very slightly northern 
Group5 . . . . «| 75 15 ae 20 7 26:05 20 7 31:23 
——_ | =, 
Thikri . . . . . «| 75 27 851 22 1 3°92 22 1 261 Slightly southern 
Harnésa. . . . .| 75 36 1816 22 47 26°80 22 47 29°75 Slightly southern 
Deo Dongri. . - ee] 75 85 1727 23 26 43:17 47°63 Slightly southern 
22 45 4°63 | 
24 25 31:98 Inappreciable 
24 25 , Slightly northern 
24 25 
Kénkra. . . 2... 25 37 Inappreciable 
Khamor. . . . . . «| 25 45 None 
Group8..... = {| 25 41 
Jetgarh. . 2. 1. 26 18 Southern 
Banksho ...... 26 50 Decided northern 
Rewat ....... 26 53 None 
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MaNGALorE Meridional Triangulation, combining the Rahun and the Gurhagarh Meridional Series—(continued). 


Station. 





Tésing 
Garinda. . 
Ram Thal . 





Group 10. 





Rakhi 
Sawaipur 


Group 11. 


Khimuana . 
Isanptr. . 


Group 12. 


Sangatpir . 
Anritsar 
Shahpur. 


Group 13. 


_—_—$———$ | $$ $$ $$$ | | eee |S 


Longitude. 
76 15 
75 4 
7 3 
75 27 
76 9 
75 «6 
75 38 
75 «63 
7% 9 
75 36 
75 «5 
74° 55 
75 «68 
75 3 


Height in 
feet. 


Astronomical. 


27 
27 
28 


52 
55 
29 


59°49 
30-05 
38°81 


Latitude. 











Eye estimate of direction and 


magnitude of meridional attraction. 


None 
None 
None 


None 


} Possibly distant Himalayan 
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Comparisons of Astronomical with Geodetic Latitudes. 
Bombay Meridional Triangulation. 






























































Height Latitude. . ae 
. Eye estimate of direction and 
Name-of Bistion. Longi fade: shore sea magnitude of meridional attraction. 
HAI Bsus evel. ' Astronomical. Geodetic. . 
Bombay (Colaba Observa- 72 51 2 is 53 3d16 | 18 88 49°32 None | 
tor ' 
Baht ; Sb SRS J 72 48 23 7 15°64 23 7 19°73 None 
Chanifna . . . . . «| 72-35 953 24 6 25°45 24 6 3648 Northern 
Deesa. 2 oe geo a | F214 443 24 15 21°18 24 15 29°19 Northern 
Guird Sikkar . oe ew ew ey 72 48 5200 24 37 47:80 24 37 50:80 Uncertain, but the station is situated 
almost over the centre of gravity Re: 
Mount Abu 

Group 1 
Samdari. Very slight if any 
Thob . None 
Chamu . None 

Group 2 . 
Jambo . None 
Bithnok . None 

Group 3 . 
Khirsar . None 
Telu. . None 
Ladimsir None 

Group 4 . 
Mooltan . None 


Dera Din Panéh . Slight northerly 


Group 5 . 
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Comparisons of Astronomical with Geodetic Latitudes—(continued). 
Catcutta—KurracueE Longitudinal Series, omitting Stations which have already been included in the Meridional Arcs. 











Height in Latitude. - eee 
. : ye estimate of direction and 
Name of station. Longitude.| feet above magnitude of meridional a tion. 
— Astronomical. Geodetic. A— 
Calcutta . . . . . .| 88 2% 25 22 32 55:58 2 32 5451 +107 | None 
Malincha. ...../| 87 8 970 23 54 29°64 23 54 28°86 +0°78 Uncertain 
Chendwar. ... . .| 85 29 2817 23 57 16°82 23 57 13:59 +3:23 Southerly 
Rangir. . . . . .{ 79 28 1184, 24 O 19:28 24 O 20°21 —0°98 None 
Gurwéni . . ... ., 82 20 2083 24 1 28:93 24 1 25°55 +3°38 Southerly 
Kurrachee. . ... .| 67 4 35 24 49 50°14 24 49 50:09 +0:05 None 
Rambagh . . ... .j| 67° 3 50 24 51 20°58 © 24 51 21:28 —0°70 None 
Group. . .. . .| 79 34 tis 24 1 (5°85 24 1 487 +0:98 


The station of Harilaong is omitted from the above list; it shows 10’-91 southerly attraction; it was originally chosen as a latitude station merely 
because it happened to be the station of origin of the Hurilaong meridional series ; but it is obviously unsuited for a latitude station, as the country 
to the North is described as “‘an extended plain, while the country to the South is exceedingly hilly.” 


Bompay Longitudinal Series, omitting Stations which have been already included in the Meridional Arcs. 











er Latitude 
Height in : F ass 
Name of station. Longitudg.| feet above |} —_—_ Eye estimate of direction and 
nak ; magnitude of meridional attraction. 
: Astronomical. Geodetic. A—G. 






ae | | 






U a a at 
Maéndvi. . .... .| 73 35 412] 18 37 48:09 18 37 50°95 — 2°86 Uncertain, possibly southern 
Dhauleshvar . . . . .| 74 12 2939 18 25 42°91 18 25 41:48 +143 Southerly 
Kanheri. . . . . . «| 75 46 2610 18 29 21:94 18 29 30°59 —8°65 Possibly some northern 
Nitdi 2. 2. 2. 1... {| 76 19 2289 18 17 2°80 18 17 7:00 —4°20 None 






| $f | | 





Group. 
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Comparisons of Astronomical with Geodetic Latitudes— (concluded). 
Brper Longitudinal Series, omitting Stations which have already been included in the Meridional Arcs. 











F : Height in anesuik Eye estimate of direction and 
Name of station. Longitude. feet above >see ss magnitude of meridional attraction. 
teat Astronomical. Geodetic. | A—G 
Bolum .... . .| 78 34.| 1600 17 30 7°50 17 30 13°25 —5'75 | Very slight northern 
Pirmulo . . ... .| 78 38 209U 17 52 58°48 17 53 2°65 —417 | Possibly some northern 
Vénékonda . . . . «| 79 25 1664 17 36 = =©0°30 17 360 «6°71 —6-4] Very slightly southern 
Sing4wéram . . . . .| 80 59 714 17 45 8:69 17 45 10:22 —153 | Slight southern 
Parampidi. . . .. .| 81 15 684 17, 12 32°62 17 12 38:12 —5:50 , None 
Sanjib . . .... ./| 82 44 2142 17 31 «12°32 17 31 1852 ; -—6-20 Uncertain 
Yaltuir . 2. 1... . 1 | 8% «22 500 17 43 20°38 17 43 29°15 —8:77 Somewhat northern 
Group. . ... .| 80 42 es 17 35 «(54:33 17 35 59°80 —5:47 






Height in feet 


Name of station. above sea. 








Geodetic. 




















Rémuépur . 28 22 10°88 

Nojli. . 2. 2... 29 53 27:60 —13°48 — 12°86 
Dehra Base, East end . 30 17 7:19 —29°90 —28°90 
Dehra Observatory . 30 19 56:91 —37'35 —36:35 
Amsot ..... 30 22 44°70 — 28°68 — 27°66 
Rajpor . 30 23 56°51 —47:18 — 46°16 
Mussvoree . 30 27 40°39 —36°15 —35°12 
Banog . . 30 28 36°75 —32'57 —31'54 
Murree . : 33 54 57:19 — 19°84 — 18:00 
Gogipatri . . 33 51 43°73 + 3°20 + 5:03 
Poshkar ‘ 34 1 48°85 +1493 +16°79 











* Approximate values. 
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GENERAL J. T. WALKER ON INDIA’S CONTRIBUTION TO GEODESY. 791 


THE LONGITUDINAL ARCS. 


These arcs lie between certain stations of the triangulation which have been put 
into connection with the wires of the great electric telegraph lines, thus enabling 
comparisons to be made between the geodetic and the astronomical differences of 
longitude. 

Two transit instruments with collimators, two astronomical clocks, and two chrono- 
graphs, with such other electric appliances as were necessary, were obtained from 
England for the operations. Colonel Strance—a retired officer of the Survey who 
was then in charge of the Mathematical Instrument Department of the India Office 
—was entrusted with the provision of the apparatus; and he employed Messrs. 
Cooke and Sons of York for the construction of the transit instruments and their 
collimators, Messrs. FropsHAM of London for the clocks, and Messrs. EIcHEN and 
Harpy of Paris for the chronographs and electric appliances. Full descriptions and 
drawings of the instruments are given in vol. 9 of the Accounts of the Operations, 
&c. ; a brief description is all that is needed here. 

The transit instruments were constructed, one of gun-metal, the other of aluminium- 
bronze ; their telescopes have a focal length of nearly 6 feet and are furnished with 
5-inch object glasses. For portability they are constructed in three pieces, viz., the 
axis, the object end and the eye end, which travel in separate cases. The axis has a 
central cube having 94-inch sides with conical arms tapering outwards from 9} to 
3 inches in diameter, and terminating in enlarged cylindrical shoulders 3? inches in 
diameter and 2 inches wide, into each of which a steel pivot is shrunk which projects 
1°9 inches beyond the shoulders ; the total length of the axis is 37°3 inches, and the 
thickness of metal is about 0°37 inch throughout, the cube and cones being cast in one 
piece. The steel pivots are 1°9 inches in diameter, one having a perforation 0°9 inch in 
diameter, through which light is passed for the illumination of the wires. The object 
and eye end tubes of the telescope are attached to the cube of the axis by 12 power- 
ful steel bolts which pass through a projecting flange at the base of each tube and 
screw into the metal of the cube. The two faces of the cube which are at right angles 
to the faces carrying the telescope are perforated in their centres by 34-inch openings 
through which the collimators are set on each other. The eye piece is fitted with 
two diaphragms, one containing a single vertical and two horizontal wires, the other 
a set of 25 vertical wires arranged in groups of 5 each for the observation of star- 
transits, the former fixed, but the latter movable by a micrometer screw. Two kinds 
of illumination are provided, which give the observer a choice of either dark wires in 
a bright field or bright wires in a dark field. 

The pivots of the axis rest on Y’s in gun-metal beds, one of which has footscrews for 
the adjustment to horizontality, while the other hasa provision for the adjustment in 
azimuth, These pivot beds rest on iron foundation plates, which are placed on the 
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heads of the masonry supporting piers ; the piers are sunk to a considerable depth in 
the ground and are carefully insulated from the tread of the observer. 

The levelling is performed with a Bohnenberger eyepiece, over a trough of mercury 
in the nadir; no spirit-levels are employed. 

The two collimators are telescopes with focal lengths of 24 inches and 23-inch 
object glasses ; they are set up one to the north the other to the south of the transit 
instrument, usually at a distance of about 15 feet, on insulated masonry pillars. 

The chronographs drive a revolving drum by clockwork which is furnished with a 
very exact regulator designed by M. Foucautt. The drum is about 12 inches wide 
and 36 inches in circumference ; it carries a paper on which the seconds of the clock 
time and the moments of the observed transits are impressed electrically by a pair of 
recording styles; it revolves once in two minutes and is wholly traversed by the 
styles in three hours ; a second of time corresponds to three-tenths of an inch linear 
space on the drum. 

The astronomical clocks are furnished with mercurial pendulums, and carry a wheel 
with 60 teeth, which revolves once in a minute and breaks the electric current at 
every second, the tooth opposite 0* on the dial being cut off to mark the commence- 
ment of each minute. 

The observations were always taken in a portable observatory tent made of 
canvas and provided with shutters and curtains admitting of a meridional aperture 
from the horizon to the zenith; as it was only sufficiently large to hold the transit 
. telescope, the chronograph and clock were provided for in a room in a neighbouring 
building. 

The stations were almost invariably situated in the neighbourhood of a Government 
Telegraphic Office, and were invariably connected with the nearest stations of the 
Great Triangulation, so that their geodetic latitudes and longitudes may be accepted 
with confidence. 

The instruments were received in India in 1872, and were at first employed at 
Bangalore and Madras, which were nearly on the same parallel, and were connected 
by a railroad, so that the arc between the two places was a very suitable one for 
testing the capabilities of the instrumental equipment. The initial operations were 
far from satisfactory; one of the transit instruments, No. 2, showed discordances in 
the determination of the “constant for collimation,” which were eventually traced to 
a defect in construction. This was duly rectified by the mathematical instrument 
maker at Madras, and for the three next field seasons the instruments were apparently 
in excellent working condition. 

During the observations at each pair of stations, the same stars were observed at 
both stations, at their transits across the two meridians, thus eliminating error of 
star’s place. The chronograph at each station received its time signals from the 
clocks at both stations in alternate batches, and the retardation of the electric current 
in its passage along the wire was thus measured very exactly. 
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Great care was taken throughout the operations to make them self-verificatory. 
The stations were selected in such a manner as to form a network of great triangles 
over the entire face of the country, and observations were taken on every side of 
each triangle ; thus in every case a triangular circuit was completed, the closing error 
of which was a valuable indication of the general accuracy of the operations. 

In the field season of 1875-76 six arcs were measured; in 1876-77, three arcs, 
and the differences in longitude between Bombay, Aden and Suez, to complete a 
connection of India with England through the determination of Greenwich to Suez 
for the Transit of Venus Expedition in 1874. The Afghan War and other circum- 
stances led to the suspension of operations until 1880-81, when they were resumed 
and eight arcs were measured. The operations of these three field seasons complete 
seven circuits, with errors ranging from ‘007* to (083°, with the average value ‘035°, 
which were as small as could be reasonably expected. (See page 260 of vol. 9.) 

In 1881-82 seven arcs were measured, completing three circuits, of which the 
closing errors were ‘046%, ‘291°, and °556*, two of them so large as to show that 
something had gone wrong. The collimation determinations showed that Transit 
Instrument No. 2 had again become unsatisfactory, as it was in 1874-75. It was 
rectified in the Mathematical Instrument Department at Calcutta, and operations 
were resumed in the two following field seasons, during which three of the arcs of 
1881-82 were re-measured, and six new circuits were completed with small closing 
errors ranging from °027* to ‘U81*. 

Thus it seemed that thé faulty transit instrument had been put into a satisfactory 
working condition ; but as some uneasiness was still felt regarding the instruments, 
they were returned to the makers in England for examination and rectification ; after- 
wards they were carefully tested at the Greenwich Observatory, and were pronounced 
to be in perfect condition. 

Operations were resumed in 1885-86 ; the instruments worked very satisfactorily, 
but again large circuit errors were obtained, and similar results were met with up to 
the close of the operations in 1891-92. The published annual reports of the Survey 
show what anxious attention was paid to these mysterious circuit errors, and what a 
variety of possible causes of error were examined from time to time with a view to 
ascertaining the actual cause. Happily it was eventually discovered, as will now be 
shown. 

The transit instruments had invarisbly been set up between two collimating 
telescopes for the determination of their collimation constants by Gauss’s well-known 
method. They were also invariably reversed on their Y’s at every station, so that 
half the observations were taken with the illuminated pivot to the east, and half with 
it to the west ; at first there were not more than one or two reversals during the 
whole of the observations at a station, but latterly the number was much increased, 
and a reversal might be made in the course of a single night’s work Now, if the 
collimation error is really constant and invariable, reversal of pivot removes all 
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necessity for determining its magnitude, as the error it produces in a single observa- 
tion of a star is eliminated in the mean of a pair of observations to the same star in 
the two instrumental positions. But valuesof the error had always been determined 
from the very first by observations to the two collimators ; a value was found for each 
position of the transit instrument, and applied to all stars taken in that position. Very 
frequently the values found in the two positions were closely identical, but occasionally 
they differed materially, and when this took place it was attributed partly to errors of 
observation, but mainly to actual changes in the collimation angle on reversal. The 
process of reversal was not an easy matter ; the weight of the instrument was consider- 
able, 137 lbs.; there was no apparatus for raising it vertically and dropping it down 
again after reversal ; thus, the following procedure had to be adopted for reversing :—the 
telescope was laid horizontally, two long poles were attached to the cube of the transit 
axis, the instrument was then raised by four men who walked round the supporting 
pillars with it on their shoulders and then lowered it into position, the observer 
standing at one end and his assistant at the opposite end to guide the pivots exactly 
into the Y’s. 

When large discrepancies were met with they were for a long time assumed to be 
due in some way to this process of reversal. But the largest of all occurred at Deesa, 
in 1885, only a few weeks after the return of the instruments from the hands of the 
makers in England ; there the instrument. was reversed every night for six nights, 
and the collimation error was determined in each position ; those in the same position 
agreed with each other very closely, within an extreme range of ‘8 of a division 
of the micrometer, while those in opposite position differed by as much as 8°3 
' divisions, a quantity far exceeding the possible errors of observation. It was clear, 
therefore, that the collimation angle had been constant, and that there was some error 
in its determination. This led Captain Burrarp to infer that the observations 
should be reduced with the mean collimation constant for the two instrumental posi- 
tions instead of the single constant for each position, and when this was done the 
circuit errors of large magnitude all disappeared, as will be seen from the following 
statement.* 


The number of circuit errors exceeding ‘50* was reduced from . . 4to 0 
4 +s between ‘50 and °30* was reduced from 2,, 0 

i $5 a 30 ,, °20 ‘i ey 5, 90 

Pr 45 0 20 4, °15 5 3 3,, 0 

Tr 3 ‘ 15 4, °09 45 3 5, 0 

5s 6 ye 09 ,, ‘05 was increased from 3 ,, 7 

a 53 less than ‘05 was increased from . 4,, 19 

26 26 


Clearly, therefore, the fault lay in the determination of the collimation constant. 
* See Annual Report for 1889-90, p. 71. 
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The object glasses of the transit telescopes were 5 inches in diameter, those of the 
collimators were 24 inches in diameter, and the apertures in the cube of the transit 
axis through which the collimators were pointed at each other were 3} inches in 
diameter ; this left an annulus of 2 inch between the rims of the object glasses of the 
collimators and the rim of the aperture when the collimators were placed exactly in 
line with the centre of the transit instrument. They may, however, be placed an 
inch or more to either side without sensibly affecting the operation of laying their 
wires on each other, notwithstanding that the displacement causes considerable 
portions of their object glasses to be cut out of operation by the intermediate cube of 
the transit instrument. More or less displacement had frequently occurred in practice, 
as the necessity for exact central adjustment had never impressed itself on the 
observers, and the alignment was always considered sufficiently good if clear vision of 
the collimator wires was obtained when they were being set on each other. Displace- 
ment would act in two ways; it would bring different parts of the object glass of a 
transit instrument into play before and after reversal of pivots, and it would cut 
off the same parts of the object glasses of the collimators throughout the operations ; 
in both cases error would be caused if the object glasses were not truly homogeneous 
throughout and with truly spherical surfaces. All the object glasses were therefore 
tested. The transit instruments were set on a suitable distant object, which was 
observed with the full field of the glass, and then with the upper, lower, eastern, and 
western half-field in succession ; and the experiments showed that the object glass of 
transit instrument No. 1 was perfect, and that of No. 2 nearly perfect. Then the 
collimators were set on each other, and similar observations were taken with the full 
field and the half-fields; it was at once found that their object glasses were very 
imperfect, showing differences between the east and the west halves, which fully 
accounted for the discordances which had been met with in the determination of the 
collimation constant. The experiments are fully detailed at pp. 379 to 387 of 
vol. 15. 

Thus, this very perplexing mystery was at length traced to its source, and with 
the happy result that nine out of ten years’ operations gave precise and satisfactory 
results by the employment of the mean collimation constant, instead of the positional 
constants which had been previously employed. The work of 1881-82 had to be 
rejected, because the collimation observations, given in volume 10, show that the 
tube of the telescope of No. 2 had been shaky, and consequently inefficient, through- 
out the field season, necessitating the rejection of the whole of the operations during 
that field season. 

Thus, finally, fifty-five longitudinal arcs were obtained. They present thirty-one 
circuits, of which the errors are known, and thus give so many equations of condition 
for solution to determine the most probable values of the errors of the individual arcs. 
The equations were solved in the usual manner by the method of minimum squares, 
giving equal weights to all the arcs. 

MDCCCXCV.—A, 5K 
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The following tables give, first, a list of the longitude stations, with their latitudes, 
longitudes, and heights ; secondly, a list of the arcs, arranged from west to east, with 
their distinguishing numbers and observed values; thirdly, a list of the circuits, with 
their errors; and, fourthly, a list of the most probable corrections to the individual 
arcs, as determined by the process of calculation just described. These are followed 
by Table V., which gives a comparison of the Astronomical with the Geodetic values 
of the Arcs. 


TaBLe I.—Geodetic Elements of the Longitude Stations. 


: ‘ Height 
Latitude. Longitude. ‘a feet, 
° ¢ aa ° ‘ “e 

Agra . 27 9 39:93 78 3 29:07 550 
Akyab . 20 8 14-29 92 56 16°57 20 
Amritsar . 31 37 58°72 74 54 50°63 770 
Bangalore . 13. 0 41:29 77 37 27:37 3110 
Bellary . 15 8 33:06 76 58 6°76 1500 
Bolarum ... . 17 30 13-41 78 33 38°30 1600 
Bombay (Colaba) . 18 53 49°49 72 51 16:28 40 
Calcutta os 22 32 54-99 88 23 56:28 20 
Chittagong 22 20 19°53 91 52 43-03 90 
Deesa . . 24 15 29°35 72 13 32:03 440 
Dehra Dan 30 19 29°13 78 5 49°30 2200 
Fyzubad 26 46 40°66 82 10 35°33 330 
Jabalpur 23 10 10:10 79 59 29°79 1350 
Jalpaiguri 26 31 17:39 88 46 39°95 280 
Kalianpur 24 7 10°91 77 41 44°75 1765 
Kurrachee 24 51 2°44 67 3 20°40 50 
Madras. 13 4 375 80 17 21:51 20 
Mangulore 12 52 1414 74 53 9°89 175 
Mooltan 30 10 58°70 71 28 54:57 420 
Moulmein . 16 29 56°49 97 40 8-05 90 
Nagarkoil . 8 11 25-30 77 28 30°74 110 
Peshawur . 34 0 17-51 71 35 27°45 1100 
Prome . 18 49 15°12 95 15 2491 100 
Quetta . 30 11 57:29 67 2 58°87 5500 
Waltair 17 43 29°31 83 21 30°70 500 


The longitudes are from Greenwich, and they require a constant correction, which 
is usually taken as — 2’ 30”, to reduce them to the latest determination of the Madras 
Observatory relatively to Greenwich. 


GENERAL J. T. WALKER ON INDIA’S CONTRIBUTION TO GEODESY. 


797 


TaBLe II.—List of Arcs with their Distinguishing Numbers and Observed Values. 


Name of arc. 


Mooltan—Quetta . 
Kurrachee—Quetta . 
Mooltan—Kurrachee . 
Agra—Deesa 
Deesa—Kurrachee 
Deesa—Mooltan . . 
Agra—Kurrachee . . 
Agra —Mooltan 
Amritsar—Mooltan 
Peshawar—Mooltan . 
Aumritsar—Peshawar . 
Agra—Anritsar 
Dehra Dun—Agra 


No. 





: a | 


Dehra Dun—Anmritsar . 


Fyzabad—Agra 
Fyzabad—Dehra Dun 
Fyzabad—Jubbulpore 
Jubbulpore—Agra . 
Jubbulpore—Deesa 
Jubbulpore—Bombay 
Jabbulpore—Kalianpur 
Agra—Kalianpor . 
Kalianpur—Bombay . 
Bombay—Kurrachee . 
Bombay—Deesa 
Jubbulpore—Bolarum 
Bolaruam—Bombay 


Bolaram—Bellary . 


(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 
(10) 
(1) 
(12) 
(13) 
(14) 
(15) 
(16) 
(a7) 
(18) 
(19) 
(20) 
(21) 
(22) 
(23) 
(24) 
(25) 
(26) 
(27) 
(28) 


Observed 
value. 
17 43-499 
0 1-608 
17 41-976 
23 20°370 
20 40°529 
2 58°582 
44 0-992 
26 19-053 
13 44-281 
0 27-483 
13 16:776 
12 34725 
0 7-233 
12 41-995 
16 27-995 
16 20-704 
8 45-040 
7 43-026 
31 3-393 
28 31-816 
9 10:323 
1 27-319 
19 21-441 
23 12-215 
2 31-644 
5 42-985 
22 48-785 
6 21-943 


5 K 


Name of arc. 


Bellary—Bombay . 

Bangalore—Bellary . 
Bellary—Mangalore . 
Mangalore— Bombay . 


Bangalore—Nagarkoil . 
Nagarkoil—Mangalore . 


Madras—Nagarkoil . 
Madras—Bangalore . 
Madras—Mangalore . 
Madras—Bellary . 
Madras—Bolarum. 
Waltair—Madras . 
Waltair—Bolarum 
Waltair—Jubbulpore 
Calecutta—Waltair 
Calcutta—Jubbulpore 
Calcutta—Fyzabad 
Jalpaiguri— Calcutta . 
Jalpaiguri—F yzabad . 
Chittagong— Calcutta 


Chittagong—Jalpaiguri . 


Akyab—Chittagong . 
Akyab—Calcutta . 
Prome—Akyab . 
Prome—Chittagong . 
Moulmein—-Prome 


Moulmein—Akyab 


) 
od 


No. 





Observed 
value, 
m. 8. 
16 26867 
2 37°230 
8 19°653 
8 7-273 
0 35°708 
10 21-¥41 


11 15-006 


10 39°331 
21 36129 
13 16567 
6 54615 
12 16:868 
19 11°525 
13 28-501 
20 9:194 
33 37°702 
24 52°661 
1 30:290 
26 22-986 
13 55-145 
12 24816 
4 14252 
18 9:395 
9 16-262 
13 30°472 
9 38-758 
18 54-974 
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TABLE III. Circuit Errors. TABLE IV. Corrections to Arcs. 
I (2) + (3) — (1) = +0-080 Arc. | Correction. Are. | Correction. 
II (4) + (5) —(7) = — 093 ae 
Ill (4) + (6) —(8) = — ‘101 2. 
IV (6) + (3) — (5) = + 029 (1) +:029 (29) +004 
Vv (12) + (9) —(8) = — 047 (2) —0 (30) _ 
VI (11) + (10) — (9) = — -022 (3) —-022 31) —041 
VII (13) + (12) — (14) = — -037 (4) +045 32) —014 
Vill (16) + (13) — (15) = — -058 (5) +030 (33) —-010 
Ix (17) + (18) — (15) = + 071 (6) +:023 (34) 
x (18) + (22) — (21) = + 022 (7) —-018 (35) +010 
xI (18) + (4) — (19) = + 003 (8) —-033 (36) —-013 
XII (21) + (23) — (20) = — 052 (9) 004 (37) +028 
XIl (20) + (25) — (19) = + 067 (10) +013 (38) —-022 
XIV (25) + (5) — (24) = — -042 (11) +013 (39) 000 
Xv (26) + (27) — (20) = — -096 (12) +010 |. (40) +-006 
XVI (28) + (29) — (27) = + °025 (13) +032 | (41) —-036 
XVII (31) + (32) — (29) = + -059 (14) +005 (42) +016 
XVIII | (35) + (34) — (37) = + 018 (18) +012 (43) —-016 
XIx (38) + (31) — (37) = + -091 (16 +038 (44) —-007 
Xx (36) + (30) — (38) = — -006 (17) —-028 (45) +022 
XXI (36) + (33) — (35) = + -033 (18) —-031 (46) +015 
XXII (39) + (28) — (38) = — -ou9 (19) +017 (47) +002 
XXIII | (40) + (39) — (41) = — -042 (20) —043 (48) —-007 
XXIV | (42) + (26) — (41) = — 089 (21) 000 49) +017 
XXV (43) + (42) — (44) = — -007 (22) +:009 (50) = 
XXVI 45) + (17) — (44) = — 001 (23) + 009 (51) —-009 
XXVII | (46) + (45) -- (47) = — -035 (24) —019 (52) —-024 
XXVIII] (49) + (46) -— (48) = — -039 (25) —-007 (53) +014 
XXIX | (52) + (50) — (53) = + -042 (26) +037 (54) —011 
XXX (54) + (52) — (55) = + -046 (27) +016 (55) +011 
XXXI | (50) + (48) — (51) = + -002 (28) —013 











The following table, No. V., gives a comparison of the final astronomical values of 
the longitudinal arcs—as obtained after applying the corrections in Table IV. for the 
errors of the circuits—with the originally computed geodetic values in terms of the 
adopted elements of the Earth’s figure, and with those values corrected to correspond 
with CLarke’s latest elements of the figure by the formule already given on p. 765. 
The two sets of results are given, both in time and in arc, in the columns headed 
A—G,and A—G, The data under A — G show the extent to which the results 
are affected both by errors in the geodetic determinations arising from the adopted 
elements of the Earth’s figure and by errors in the astronomical determinations arising 
from local deflections of the plumb-line ; the data under A — G, may be regarded as 
well nigh free from the first and showing the second only. The algebraical sum 
of the quantities A —G is 145’°88, while that of the quantities A — G, is only 
29'°23, showing that the latter quantities are most. free from constant error, such 
as would be caused by employing erroneous axes in the geodetic calculations. 
Obviously, therefore, it was very necessary to separate the two classes of error. 
Thus it is to the column A —G, only that we have to look hereafter for an 
indication of the probable amounts of the local deflections of the plumb-line on the 
prime vertical to be met with in the longitudinal arcs. 
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TaBLE V.—Comparison of Astronomical with Geodetic Values. 







Seconds of geodetic 








































































5 value. 
% Astronomical A-G. A — Ge 
8 Name of arc. 
a ee 
A. G. Ge. In time. In arc. In time. In aro. 
(1) | Moultan—Quetta . . : 
(2) | Kurrachee—Quetta .| O 1574 | 1486] 1:426 | +0°138 | + 2:07 | +0°138 
(3) | Moultan—Kurrachee .| 17 41:954 | 42:278 | 42093 | —0°324 | — 486 | —0°139 
(4) | Agra—Deesa . . .| 23 20415 | 19°808 | 19°562 | +0°612 | + 9:18] +0°853 
(5) | Deesa—Kurrachee. .| 20 40°559 | 40°775 | 40°563 | —0°216 | — 3:24 | —0:004 
(6) | Deesa—Moultan . .| 2 58°605 | 58°497 | 58-466 | +0°108 | + 1:62} +0139 
(7) | Agra—Kurrachee . .| 44 0:974) 0°578 | 0123 | +0396 | + 5:94 | +0851 
(8) | Agra—Mooltan. . .| 26 19-020 | 18300 | 18023 | +0:720 | +1080 | +0:997 
(9) | Amritsar—Moultan .| 13 44285 | 43°737 | 43°590 | +0548 | + 822 | +0°695 
(10) | Peshawar—Mooltan .| 0 27-496 | 26°192 | 26°187 | +1:304 | +1956 | +1°309 
(11) | Amritsar—Peshawar .| 13 16°789 | 17:545 | 17-401 | —0°756 | —11:34 | —0°612 
(12) | Agra—Amritsar . .| 12 34°735 | 34563 | 34-430 | +0°172 | + 2:58 | +0°305 
(13) | Dehra Dun—Agra. .| 0 7:°265! 9:348 | 9346 | —2:083 | —31:25 | —2°081 
(14) | Dehra Dan—Amritsar | 12 42:000 | 43°911 | 43°775 | —1-911 | —28°67 | —1:775 
(15) | Fyzabad—Agra. . .| 16 28:007 | 28°417 | 28246 | —0:-410 | — 6:15 | —0-239 
(16) | Fyzabad—Dehra Dun | 16 20-742 | 19:069 | 18897 | +1-673 | +25:°10 | +1845 
(17) | Fyzabad—-Jubbulpore | 8 45:012 | 44369 | 44279 | +0°643 | + 9°65 | +0°733 
(18) | Jubbulpore—Agra. .| 7 42°995 | 44048 | 43:968 | —1:053 | —15-80 | —0:973 
(19) | Jabbulpore—Deesa .| 31 3:410 | 3°851 | 3°535 | —0-441 | — 6°62 | —0°125 
(20) | Jubbulpore—-Bombay . | 28 31-773 | 32°901 | 32°615 | —1:128 | —16-92 | —0°842 
(21) | Jabbulpore—Kalianpar| 9 10°323 | 11-003 | 10-909 | —0-680 | —10°20 | —0°586 
(22) | Agra—Kalianpur . .| 1 27:328 | 26-955 | 26:940 | +0:373 | + 5°60 | +0°388 
(23) | Kalianpur—Bombay .| 19 21:450 | 21:898 | 21:703 | —0-448 | + 6°72 | —0°253 
(24) | Bombay—Kurrachee . | 23 12°196 | 11:725 | 11:491 | +0-471 | + 7:07 | +0°705 
(25) | Bombay—Deesa . .| 2 31:637 | 30°950 | 30925 | +0°687 | +1031 | +0°712 
(26) | Jubbulpore—Bolarum | 5 42°972 | 43°422 | 43:365 | —0°450 | — 6:75 | —0°393 
(27) | Bolaram—Bombay .| 22 48801 | 49°479 | 49:253 | —0°678 | —10-717 | —0°452 
(28) | Bolaram—Bellary . .| 6 21:930 | 22°114 | 22:052 | —0-184 | — 2°76 | —0-122 
(29) | Bellary—Bombay . .| 16 26°871 | 27:365 | 27-203 | —0°494 | — 7:41 | —0°332 
(30) | Bangalore—Bellary .| 2 37:227 | 37:374 | 37349 | —0'147 | — 2:21 | —0°122 
(31) | Bellary—Mangalore .| 8 19°612 | 19°791 | 19°710 | —0-179 | — 2:69 | —0:098 
(32) | Mangalore—Bombay .| 8 7259] 7574] 7495 | —0°315 | -— 4°73 | —0°236 
(33) | Bangalore—Nagarkoil | 0 35°698 | 35°775 | 35°769 | —0:077 | — 1:16 | —0:071 
(34) | Nagarkoil—Mangalore |} 10 21:141 | 21:390 |} 21:291 | —0:249 | — 3:74 | —0°150 
(35) | Madras—Nagarkoil .| 11 15-016 | 15385 | 15-278 | —0:369 | — 5:54 | —0°262 
(36) | Madras—Bangalore .| 10 39:318 | 39°610 | 39°507 | —0:292 | — 438 | —0°189 
(37) | Madras—Mangalore .| 21 36:157 | 36°775 | 36:567 | —0°618 | — 9:27 | —0-410 
(38) | Madras—Bellary . .| 13 16°545 | 16984 | 16°855 | —0°439 | — 6:59 | —0°310 
(39) | Madras—Bolaram. .{ 6 54°615 | 54°870 | 54-803 | —0:255 | — 3:83 | —0:188 
(40) | Waltair—Madras . .| 12 16°874 | 16612 | 16-493 | +0°262 | + 3:93 | +0°381 
(41) | Waltair—Bolarnm. .| 19 11:489 | 11:482 | 11-293 | +0007 | + 0-11 | +0:196 
(42) | Waltair—Jubbulpore .| 13 28:517 | 28-060 | 27-926 | +0457 | + 686 | +0°591 
(43) | Calcutta—Waltair. .| 20 9178 | 9684] 9-483 | —0°506 | — 7:59 | —0-305 
(44) | Calcutta—Jubbulpore | 33 37-695 | 37°744 | 37-403 | —0:049 | — 0:74] +0:292 
(45) | Calcutta—Fyzabad .| 24 52°683 | 53°375 | 53-120 | —0°692 | —10-38 | —0°437 
(46) | Jalpaiguri—Calcutta .| 1 30°305 | 30°933 | 30-917 | —0°628 | — 9-42 | —0-612 
(47) | Jalpaiguri—Fyzabad .| 26 22-988 | 24°308 | 24-034 | —1:320 | —19-80 | —1:046 
(48) | Chittagong—Calcutta | 13 55°138 | 55°195 | 55:054 , —0:057 | — 0°86 | +0-084 
(49) | Chittagong —Jalpaiguri) 12 24°833 | 24262 | 24135 | +0571 | + 857 | +0698 
(50) | Akyab—Chittagong .| 4 14248 | 14-236 | 14193 | +0012 | + 0:18 | 40-055 
eos Akyab—Calcutta . .| 18 9:386 | 9431 | 9:249 | —0°045 | — 0°68 | +0137 
(52) | Prome—Akyab. . .| 9 16:238 | 16556 | 16-464 | —0°318 | — 477 | —0-226 
(53) | Prome—Chittagong .j| 13 30-486 | 30°792 | 30°657 | —0°306 | — 459 |; —0171 
(54) | Moulmein—Prome. .} 9 38°747 | 38:°876 | 38°781 | —0°129 | — 1:94 | —0-034 
(55) | Moulmein—Akyab .| 18 54985 | 55°432 | 55245 | —0°447 | — 671 | —0:260 
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On LocaL DEFLECTIONS OF THE PLUMB-LINE, 


The stations of a triangulation are not always well adapted as points for the 
determination of astronomical latitudes and longitudes, for they are necessarily 
situated on the most commanding positions that the ground affords, and when these 
positions are on high mountain ranges, or, indeed, on ground of moderate elevation 
but with an obvious preponderance of matter in one direction, there is an obvious 
tendency for the plumb-line to be deflected. But it unfortunately happens that an 
absolute freedom from apparent causes of disturbance is not always accompanied by 
an absence of disturbance. From the time when latitude observations taken on the 
plains of Moscow showed large deflections of the plumb-line which were caused, not 
by visible irregularities on the surface of the ground, but by variations of density in 
the hidden masses below the surface, similar results must have been met with in all 
geodetic surveys ; they abound in India, and they have recently been exemplified on 
a large scale in Europe by Colonel Von SreRNEcK’s pendulum investigations of 
variations of density under the surface of the earth. Thus, in this Survey, it not 
unfrequently happens that where the observers have been led by the aspects of the 
ground to anticipate deflection to have taken place in one direction, the observations 
show that it has really occurred in the opposite direction. Wherever disturbance takes 
place, the cause may be either an excess of matter, visible or invisible, in one direc- 
tion, or a deficiency of matter, visible or invisible, in the opposite direction. 

The Himalayan mountain ranges have always been regarded as a very disturbing 
element .in Indian geodesy. In fixing on the station of Kaliana, as the northern 
extremity of the Great Arc, EVEREST says: ‘‘ It has not been deemed prudent to 
approach too near to the mighty mountain masses of the Himalayan range; and 
rather than that I preferred to shorten the northern section by selecting Kaliana as 
the station for observing amplitudes, though it is 69 miles more southerly than 
Banog, and 57 miles to the south even of the base measured in the Dehra Dun.” 

It now appears that EvEREsT was quite justified in fixing on that station as the 
northern extremity of the Great Arc. But meanwhile two sets of calculations have 
been made to show that the plumb-line at Kaliana is largely deflected by Himalayan 
attraction. he first is set forth in a paper—in vol. 17. (1847-48) of the 
‘Memoirs of the Royal Astronomical Society’—by Captain SHoRTREDE, who 
assumes that the disturbing effect of the Himalayas may be compared to that of 
a fixed centre of attraction, and taking for his data the differences between the 
astronomical and the geodetic latitudes and azimuths at Kaliana and at certain 
Himalayan stations, finds the direction and distance of a centre of attraction which 
would produce the observed discrepancies, and calculates the meridional deflection of 
the plumb-line at Kaliana as something ranging between 11” and 15”. 

The second is an elaborate calculation by Archdeacon Pratt, in a paper “ On the 
Attraction of the Himalayan Mountains and of the Elevated Regions beyond them 
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upon the Plumb-line in India,” which is published in the ‘ Philosophical Transac- 
tions’ for 1855, vol. 145. The Archdeacon dissects the masses of which the 
Himalayas, and the high table lands of ‘Tibet, and the regions beyond up to the 
parallel of 50°, are composed; he calculates their attraction and finds that they 
cause deflections of the plumb-line in the meridian which amount to 28” at Kaliana, 
and to 12” at Kalianpur, and 7” at Damargida, the next southern stations on the 
Great Arc. If these calculations are correct, the astronomical latitude of Kaliana 
should be corrected to 29° 31’ 16:0, of Kalianpur to 24° 7’ 23”°1, and of Damar- 
gardi to 18° 3’ 22’°1 ; thus the astronomical amplitudes of the two sections would be 
5° 28’ 529, and 6° 4 1:0, which exceed the geodetic values by 103 and 7’'6, 
quantities so large that they cannot be accepted as at all probable. 

Archdeacon Pratt’s paper in the ‘ Philosophical Transactions’ for 1855, is imme- 
diately followed by one by Mr.-—afterwards Sir GEorcE—Arry, Astronomer Royal, who 
points out that the magnitudes of attractions computed on the theory of gravitation 
being considerably greater than is necessary to explain the observed discrepancies, is 
just what we might be prepared to expect when we consider that the crust of the 
Earth is probably supported by a fluid of greater density than itself, and that great 
mountain masses such as those to the north of India, necessarily sink into this fluid 
to a greater depth than the surrounding unelevated portions of the Earth’s crust ; 
that this heavy fluid is displaced by light crust, and the positive attraction produced by 
the elevated masses is diminished by the negative attraction produced by the substi- 
tution of light crust for heavy lava. The general conclusion at which Sir GrorcE 
Arry arrived was that, supposing the crust of the Earth to be floating in a state of 
equilibrium, the real disturbance will, in all cases, be less than that found by com- 
puting the effect of the mountains on the law of gravitation; near to the elevated 
region the part which is to be subtracted from the computed effect is a small 
proportion of the whole; at a distance the part to be subtracted is so nearly equal to 
the whole that the remainder may be rejected as insignificant, even in cases where the 
attraction of the elevated country itself would be considerable. 

Sir Gzorce Atry’s hypothesis, that the Earth is constituted of a light crust float- 
ing on fluid lava, has not met with much acceptance. Eminent mathematicians have 
subsequently brought forward evidence to show that the Earth must be regarded as 
more probably solid than fluid to its core; and the investigations of Sir WILLIAM 
THomson (Lord KELvin) suggest that the Earth’s mass must possess such a degree 
of rigidity as to be inconsistent with a crust of moderate thickness. But as yet 
theories of the internal constitution of the Earth have thrown little light on the 
subject of the influence of mountain masses on the plumb-line. . 

The Indian pendulum observations have, however, thrown much light on the subject. 
They were made at a number of stations on the Great Arc, from Cape Comorin up 
to Mussooree on the Himalayas, also at a station on one of the high Himalayan 
plateaus, at various stations on the coast lines, and also on a few islands, one of which 
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‘was in the ocean, at a considerable distance from the mainland. The results when 
reduced to a common temperature, pressure, and origin at the sea-level, and compared 
with the theoretic vibration numbers computed from the same origin, show the 
following excesses and defects of observation over theory, as expressed in the daily 
vibration numbers of a second’s pendulum :—* 


8. 


Average of three island stations + 3°25. 
eight coast stations . . .... + 0°24, 
3 fifteen inland stations under 2000 feet . — 2°27. 
is four stations between 2000 and 7000 feet . . . — 5°09. 
The Himalayan tableland station, 15,400 feet high . . . . — 21°44. 


These results show an excess of density under the sea level, and a deficiency above 
that level which increases to a very notable magnitude at a high altitude on the 
Himalayas. ‘Thus, therefore, there must be a condensation of the matter of the 
Earth’s crust under ocean beds, and attenuation of the matter under mountains, the 
crust contracting and condensing wherever it sinks into hollows, and expanding and 
attenuating when it rises into continents and mountain ranges. Hence it is to be 
inferred that the matter of which elevations are composed is largely an expansion 
of the matter in the immediately subjacent strata of the Earth’s crust, the masses 
above and below being closely connected and mutually interdependent ; where high 
elevations exist the strata below having parted with matter are deficient in density; 
at low elevations there is no appreciable giving off of matter, and the density below 
is normal ; under the sea there is a contraction of matter, and consequently an increase 
of density. Now in the application of the theory of gravitation to calculate the 
attraction of mountain masses on the plumb-line, it is tacitly assumed that the Earth’s 
crust under the sea level is of uniform density throughout, whether lying under 
mountain masses, or under low continents, or under the bed of the sea; the visible 
masses above the sea level are regarded as wholly unconnected with and independent of 
the invisible masses below; thus the mountains might consist of just so much extraneous 
stuff cast on the surface of the Earth by passing meteors or the ruined débris of other 
worlds, whereas we see they must be portions of the Earth’s crust derived from the 
matter lying immediately below them. 

It is interesting to make a rough comparison of the relative magnitudes of the 
greatest horizontal attraction and the greatest vertical diminution of attraction 
which has been met with hitherto in the Indian Survey. The greatest meridional 
attraction has been found at Rajpur,.in the Dehra Dun Valley, where it amounts to 
46°16; the greatest attraction on the prime vertical has been found at the Dehra 
Observatory, where it amounts to about 28’°5, as shown by the electro-telegraphic 


* See p. 29 of vol. 5, which gives an account of the Indian Pendulum Operations. 
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operations ; it may be estimated as 5” greater at Rajpur; thus the resultant of the 
two deflections at Rajpur is 57”, and the corresponding horizontal attraction is equal 
to gravity X tangent deflection, or (00027 g. The maximum vertical diminution of 
gravity is* 21-4, which corresponds to ‘0005 4g, and is thus about twice as great as 
the horizontal effect. 

It is thus evident that the effect of the attraction of mountain masses on the 
plumb-line, which may be very large in the immediate vicinity of the mountains, will 
be reduced at a distance in greater proportion than is assigned by an incomplete 
application of the law of gravitation, because of the deficiency in the density of the 
strata under the mountains, which has not hitherto been allowed for. Eventually a 
point must be reached at which the positive attraction of the matter above will be 
cancelled by the negative attraction of the deficiency below, and then the mountain 
masses will have no influence on the plumb-line. 

We now proceed to examine the differences between the astronomical and the 
geodetic data, with a view to getting what information we can regarding the magni- 
tudes of the local deflections. The data for the short arcs of this Survey, whether 
meridional or longitudinal, give a very close representation of the differences of the 
local deflections at their extremities, because the triangulation is very accurate, and 
the geodetic errors of arcs not exceeding 2° or 3° in length, arising from uncertainty 
in the elements of the Earth’s figure, must be very small; therefore any marked 
differences between the astronomical and the geodetic amplitudes must be almost 
wholly due to the deflections at the extreme ends of the arcs. But there are no 
means of determining the actual amount and direction of the deflection at any single 
point, because it may be so largely influenced by variations of density underground 
which are not ascertainable. Thus, the differences between the astronomical and the 
geodetic latitudes in the preceding tables, pages 778 to 790, only give the local 
deflections on the understanding that there is no deflection at the origin. 

* It must here be pointed out that there is a slight uncertainty in this vibration number, because of 
the inadequacy of the data for its calculation. In reducing pendulum observations to the sea level, it 
is necessary to apply two corrections, one for the height of the station, which is always positive, the 
other for the ratio of the density of the elevated mass to the mean density of the earth, which is always 


negative. The formula for the double correction which has been employed, for the reasons set forth in 
chapter ix. of volume 5, is 


aN = MoH (1 = 1005-3), 
a 4, Pp 


where N, is the equatorial vibration number of the pendulum, a the Earth’s semi-major axis, H the 
height above sea level, « the density of the clevated mass, and p the mean density of the Karth. Now 
the values of both o and p are only known approximately. Here it is assumed thato =} . Professor 
Young, who first pointed out the necessity for making an allowance for the density of the elevated mass, 
assumed that o:p::2°5:5°5. Employing his figures, the deiiciency at More, the Himalayan tableland 
station, would be reduced from 21°44 to 19°74. On the other hand, if the density ratio is larger than 
1: 2, as is quite possible, the deficiency in the vibration number will be increased. On any reasonable 
assumption whatever there will always be a marked deficiency in the density of the strata which lie 
underneath the elevated mass. 


MDCCCXCV.—A. 5 L 


804 GENERAL J. T. WALKER ON INDIA’S CONTRIBUTION TO GEODESY. 


Kalianpur was adopted by Everest as the origin, on the assumption that it was 
free from meridional deflection, the surface of the ground giving no sign of any. To 
the north, south, and west the same general level prevails for a considerable distance 
all round; but to the east there is a depression of 200 feet to the plain in which the 
Sironj base line is situated; thus, while there is apparently no meridional deflection, 
there may be slight westerly deflection. In section 4 of chapter x. of volume 2 it 
is shown that the observed azimuth at Kalianpur is certainly 11, and possibly 1°86, 
too great, on the evidence of the astronomical azimuths at sixty-three of the principal 
stations around Kalianpur; the smaller quantity was applied as a correction to the 
observed azimuth, to obtain the fundamental’ azimuth for the final geodetic computa- 
tions. Now that they are completed it is seen that a still larger correction would 
have brought the final geodetic azimuths into better accordance with the astronomical. 
Taking 1’! as the true excess of the astronomical azimuth at Kalianpur, the zenith 
is deflected 2°5 to the east on the prime vertical. 

The algebraical mean excess of the whole of the astronomical over the corrected 
geodetic values of latitude (A — G,) on the Great Arc, from Punne to Kaliana 
inclusive, which are 54 in number, is — 2’"0. It will be seen that, of the whole 
148 astronomical latitudes available for geodetic investigations, there are 90 cases of 
negative excess to 58 of positive excess ; but, if the latitude of Kalianpur is diminished 
by 2'°0, the whole of the geodetic latitudes will be correspondingly diminished, and 
this will make the number of positive and negative cases almost exactly equal. 
Thus it is not improbable that the astronomical latitude is 2” too great, or, in other 
words, that the plumb-line at Kalianpur is not deflected to the north under the 
influence of Himalayan attraction, as has been so often suggested, but is in reality 
deflected to the south. It seems, therefore, that if we subtract 2” from each of the 
negative excesses and add 2” to each of the positive excesses, we shall have a fairly 
approximate determination of the meridional deflection at each of the latitude stations. 

The stations coming under the influence of Himalayan attraction must first be 
noticed briefly, and afterwards set aside altogether, as they cannot be employed in a 
geodetic investigation. Proceeding from east to west, the first station, Ramuapur, is 
situated on the meridian of 80° 31’, about 54 miles to the south of the Himalayas, and 
shows a deflection of — 10’°15. Then comes the following group of stations on the 
Great Arc; Nojli, in the plains, about 30 miles to the south of the Siwaliks, the 
outer Himalayan range, which rises about 2000 feet above the plains to the south and 
1000 feet above the Valley of Dehra Dun to the north, deflection — 12”°86. Amsot 
is a peak of the Siwaliks 3140 feet high, deflection — 27’°66 ; the Dehra Dun base 
line station, deflection — 28°90; the Dehra Dun Observatory, deflection — 36°35 ; 
Rajpur, at the foot of the ascent to Mussooree, deflection — 46”°16; Mussooree 
— 35°12, and Banog — 31’°54, stations on the hill ranges where the northerly 
attraction is diminished because there is attracting matter to the south. Finally, 
there is a group of stations to the west ; Murree, on a mountain to the south of the 
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Pir Pinjal range, which lies between India and Kashmir, deflection — 18”°00; and 
two stations on the northern spurs of the Pir Pinjal, with the wide open valley of 
Kashmir beyond, and which, therefore, show southerly attraction, namely, Gogipatri, 
deflection + 5’°03; and Poshkar, deflection + 16”°79. 

The nearest stations to the Himalayas which may be included in an investigation 
of the figure of the Earth must now be noticed. They are four in number, as 
follows :— 


Station. Latitude. | Longitnde. | A—G.. | Distance from Himalayas. 
Jarora (Madras meridian) . . .| 28 0 80 31 —5'00 80 miles south 
Kalina (Great Arc) . . . . . 29 31 77 42 —5°72 52 ,, 3 
Isanpir (Rahun meridian) . . . 30 38 76 9 —2:°75 65 ,, - 
Shahpur (Gurhagurh meridian). . 32 2 75 8 + 2:00 40 ,, * 





It is to be noticed that the southern foot of the Himalayas descends from latitude 
33° 50’, on the meridian of 73°, to latitude 29° on the meridian of 81°, and then 
trends nearly easterly. Thus the apparent diminution of deflection at Isanpur and 
reversal at Shahpur, as compared with Jartira and Kalidna, may be due to the 
circumstance that the Himalayas descend sume way to their south, though at a very 
considerable distance to the east; but speculation on this point is superfluous, as 
there are so many larger deflections to the south, which cannot possibly be attributed 
to Himalayan attraction. 

Attention must be drawn to group 10 of the Great Arc. It contains one of 
Lampston’s stations, Takalkhera, which Everest rejected, because he calculated that 
the plumb-line is attracted 5” northwards at that point by the tablelands of the 
Mahadeo Hills, which are 20 miles distant and rise about 1600 feet above it. But 
the group contains four subsequently determined stations whose distances range from 
20 to 28 miles to the south of Takalkhera, all which show a still larger amount of 
northerly attraction. Here, therefore, there must be not only an excess of visible 
matter above ground in the Mahadeo plateau to the north, but a deficiency of invisible 
matter underground to the south. 

It is only to the operation of underground variations of density that we can look for 
an explanation of the fact that at Bombay there is apparently large northerly deflec- 
tion, and at Madras there is large southerly deflection, while there is no visible 
source of meridional attraction at either place. Whatever the uncertainty about the 
actual deflection at each place because of the uncertainty at the origin, there is no 
question that the astronomical amplitude of the are Bombay—Madras is 16”°01 less 
than the (corrected) geodetic amplitude, mainly because of the local deflections at the 
two places, the difference being at least twenty times greater than can be due to 
error in the triangulation. There is no apparent cause to which to attribute these 
gross deflections. Others of a like nature are presented by the latitude observations 

5 L 2 
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at various places, even in the deserts of Rajputana which might be expected to be 
quite free from local disturbances. 

We now proceed to examine the local attractions on longitudinal arcs, as shown in 
column A — G, of Table V., page 799. Being deduced from time observations they 
are necessarily more affected by errors of observation than the local attractions on 
meridional ares, but not to any great extent ; for the maximum circuit error of three 
ares is ‘101°, as shown in Table III., which corresponds to a maximum error of °06', 
or less than 1" of arc, for a single arc. Thus the differences between the observed 
and the (corrected) geodetic values are a closely approximate indication of the 
differences between the local attractions on the prime vertical at the extremities 
of the arcs. 

The greatest deflections shown are in the three arcs connecting the station of 
Dehra Dun, which is situated close under the Himalayas, with Agra to the south, 
Fyzabad to the east, and Amritsur to the west ; from the mean of the three it is to 
be inferred that the Himalayan attraction on the prime vertical at Dehra Dun is 
285 easterly. The next greatest deflection is at Peshawur, where it appears from 
the evidence of the arcs to Mooltan and Amritsur to be about. 14”°4 westerly, which 
may well be anticipated from the circumstance that the mountain ranges of Afghanistan 
lie to the west and a broad open valley to the east. The arc, Jalpaiguri-Fyzabad, 
shows local deflections, aggregating 15°69, and there is evidently considerable eastern 
deflection at Jalpaiguri; but on combining that arc with the arcs to Calcutta and 
Chittagong it apparently is about 11'°8. Deflections of as much as 10” to 15” are met 
with on arcs connecting stations which might be expected to be almost wholly free 
from local attraction, as Agra, Mooltan, and Kurrachee ; thus showing the action of 
liidden causes under the surface of the Earth in producing deflections of the plumb- 
line on the prime vertical, such as have already been noticed on the meridian. 

Four of the longitude stations are situated on the coasts of the Peninsula, viz., 
Bombay, Mangalore, Madras, and Waltair. The ocean being on one side and the 
continent on the other, it is to be supposed that there would be deflection towards 
the interior of the continent at all four places ; but this is only met with at Waltair, 
where a range of hills 1600 feet higher than the station lies at a distance of only five 
miles to the west ; at the three other stations there is a more or less wide expanse of 
plain before hills are reached. The whole of the arcs from the other stations, which are 
thirteeen in number—six from Bombay, two from Mangalore, four from Madras, and 
the arc Madras-Mangalore—show deflection towards the ocean and not towards the 
interior of the continent. The astronomical latitudes in the Southern Peninsula tell 
the same tale of deflection towards the ocean. All this corroborates the inferences 
regarding the contraction and condensation of the strata under the bed of the ocean 
which have already been derived from the pendulum operations.* 


* This contraction is suggestive of considerable depth below the sea level in the bed of the ocean, 
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Final Results. 


Excluding stations obviously affected by the attraction of the great Himalayan 
and Tibetan masses, we are in possession of 148 astronomical latitudes and 50 longi- 
tudinal arcs which are available for an investigation of the mean figure of the Earth. 
Thus, the question arises as to the manner in which they can be most advantageously 
employed. 

In his ‘Geodesy,’ Colonel CLARKE gives his latest determination of the figure of 
the Earth, in which he employs 14 of the latitude stations and 6 of the longitudinal 
arcs of the Indian Surveys, in combination with 35 latitude stations of surveys made 
in other parts of the world. No attempt will be made here to obtain a new value of 
the figure of the Earth by employing the whole of the Indian data instead of the 
small portion used by Colonel CLarxe. All that is now aimed at is to set forth the 
facts to be elicited trom the operations in India which will be most serviceable for 
future mathematical investigations. 

The existing data may evidently be treated as they stand, in accordance with 
either of the various methods which have been employed by Arry, BEsset, CLARKE, 
and others. But in all mathematical treatment of such data it is assumed that the 
direction of the plumb-line at the astronomical stations is normal, or very closely 
normal, to the surface, and wherever there is reason to suspect that this may not be 
the case the station is arbitrarily rejected. Still, as a matter of fact, the paucity 
of data has frequently led to the employment of stations which are sensibly influenced 
by local attractions. It is possibly for this reason that some mathematicians have 
been led to conclude from the data which they have employed that the mean figure 
of the Earth is not a spheroidal figure, with two axes only, as has been generally 
accepted on theoretical grounds, but an ellipsoidal figure with three axes, two of 
which are poles of the equator. This subject has been discussed at length in Arch- 
deacon Pratt’s ‘ Figure of the Earth,’ 4th edition, p. 181, with the conclusion that 
“local attraction appears to supply a source of correction which makes a resort to so 
peculiar an hypothesis as an ellipsoidal mean figure unnecessary and untenable.” 

It is obvious, therefore, that, before mathematical treatment can be advantageously 
commenced, steps should be taken to diminish to the utmost possible extent the 
local deflections by which the observations are burdened. This cannot be done. by 


near the coast line. The Admiralty charts give the following details on this subject :—At Bombay 
there is a belt of water of a depth of about 250 feet extending 150 miles westwards, beyond which are 
soundings of 5,000 to 10,000 feet. At Mangalore a belt of much the same depth extends 50 miles west- 
wards, beyond which are soundings of 6,000 and 7,000 feet. At Madras there are soundings of 5,000 to 
10,000 feet within 30 miles of the coast line. At Waltair there is a sounding of 8,000 feet within 
50 miles of the coast line. The charts show a line of demarcation between deep and shallow water ou 
the west coast, but there is no such line on the east coast. The shallows may very possibly be recent 
deposits on ancient contracted beds. 
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minute surveys of the ground and calculations based on the superficial conditions, 
because no cognizance can be takeri of the existing conditions under ground which 
may be of quite as great or even greater influence in producing deflections of the 
plumb-line. Thus, in treating meridional arcs, the only possible way is to combine 
a number of the astronomical stations within a narrow belt of parallel together, and 
take the mean latitude of the group, and to do the same with the corresponding 
geodetic determinations, carrying on the process from south to north as far as 
the data are available. This gives us combinations of data for a single chain of 
meridional arcs which will be far more valuable for mathematical treatment than the 
separate individual initial data, because the mean astronomical latitude of a number 
of points may certainly be assumed to be far more free from deflection than the latitude 
of any single point. 

When this is done for a number of stations extending over a considerable distance 
from east to west, the objection arises that the procedure binds us to the assumption that 
the mean figure of the Earth is spheroidal. But all geodetic calculations of the positions 
of places on the surface of the Earth have been made hitherto on this assumption ; for 
though an ellipsoidal figure has been suggested and calculated, the several calculations 
which have been made have placed the poles of the equator in such different positions 
that it does not appear that any person has yet attempted to calculate terrestrial 
elements of latitude, longitude, and azimuth on the basis of an ellipsoidal figure. 
We have to begin by assuming something; we have seen that it is impossible to 
assume any astronomical arcs of amplitude to be free from error caused by local 
deflections of the plumb-line, which is our only alternative. It seems obvious that an 
assumption which is in itself highly probable, and which permits of combinations of 
large numbers of astronomical ubservations and a consequent large elimination of the 
errors caused by local deflections, is more likely than any other to lead to exact and 
definite results. 

Combinations of the latitudes will therefore be presently indicated ; but, before 
doing so, it is necessary to fix the most appropriate lengths of the arcs of amplitude 
to be given by the combinations. The errors caused by the local deflections are 
independent of the lengths of the arcs; they must produce much greater influence on 
short than on long arcs ; and therefore it is desirable to fix a relation between the 
magnitude of the local deflection and the length or amplitude of the arc. Meridional 
arcs of about 2° in length appear to have been generally regarded hitherto as giving 
an adequate number of touching points on the Earth’s surface to produce a close 
representation of the figure; but this length seems to have been fixed without 
sufficient consideration of the magnitudes of the local deflections involved which are 
liable to be such a disturbing element in the calculations. 

The mathematical relations between errors in arcs of amplitude and errors in the 
lengths of the Earth’s axes are given with sufficient approximation by the following 
formule :—- 
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d.Ad = - {da — 2db — 3 (da — db) sin® } Ad, 


d.AL= — =. {da + (da — db) sin? d} AL. 


If we take the arithmetical mean of the four cases da = 0, db = 0, da = db, and 
da = — db, and put n for the number of degrees in the arc and 1000 p for the axial 
error in feet, and also put 4 = 21° the middle latitude of India, we have 


d. AX” = 0:24 n.p, 
d. AL” = 0:15 n.p. 


Thus for a meridional arc of 2° and an axial error of 1000 feet, the arc error is only 
0":48, which is but a small fraction of the error often caused by local deflection. A 
much larger axial error than 1000 feet must therefore be admitted, or the magnitude 
of the arc must be so considerably increased that the number of touching points on 
the Earth’s surface will be too small to produce a sufficiently close representation of 
the surface. Let us put 5000 feet as the limit of axial error, and then we obtain the 


conditions 


see d ad. AL 
n> To > an n> aE ‘; 


or in other words, when the arc error is 


2”, m must exceed 1°°7 in & meridional and 2°6 in a longitudinal arc. 
3”, ” Led 2°°5 ” 2. 4°-0 9? ” 
4”, ” 9? 3°3 9 2” 5°°3 ” ” 


These conditions have governed the formation of the following table of com- 
binations of latitudes to produce the final meridional arcs of amplitude. The 
column A” — A’ gives the differences between the values of the astronomical and the 
(corrected) geodetic arcs of amplitude, as derived from the data in column A — G, ; 
these differences may be assumed to be free from errors caused by local deflections of 
the plumb-line, and to be mainly due to the errors still latent in CLARKE’s latest 
determination of the figure of the Earth. 


Comprnations of Latitudes and the resulting Arcs of Amplitude. 













Arcs of amplitude. 





Chain of triangles and stations. 
Astronomical. Geodetic. 


$$ | —_$ | | | | | | 


° ‘ “ °o ‘ “” a“ 
































Great Arc. Groupl . + 1°65 
Great Arc. Group2 . + 2:02 
Combination I. . + 1:80 
Great Arc. Group3 .. . 3 11 0 3-22 ll oO 1:79 + 0°72 
Madras. Tiruvendipuram 1 11 44 43°40 | 11 44 37:53 + 516 | 
a a | 
Combination II.. 4 11 11 13-27 | 1) 11 10°73 + 1:83 2 27 59°03 = 2 27 58:97 | + 0:03 
Mangalore. Mangalore 1 12 52 17°76 12 52 14°60 + 2°46 
Madras. Group 1 2 13 21527 | 13 2 931 + 5°26 
Great Arc. Group4 . 5 13 26 16°56 | 13 26 16°73 — 087 
Mangalore. Groupl . 2 1412 16-24 | 14 12 19:37 — 3°82 
Madras. Group 2 . 2 14 1411-48 | 14 14 11°85 — 1:06 
Combination ITI. 12 13 385 5:54) 1335 494 | + — 0:09 2 23 52:27 2 23 5421 | — 1:92 
Great Arc. Group5 . 6 14 56 2450 | 14 56 22:16 | 4+ 2:34 | + 1°67 
Madras. Group3 . 2 15 15 13-21 | 15 15 1650 | — 3-29 | — 3:95 
Mangalore. Group2 . 2 15 20 21:47 | 15 20 23:07 | — 160 | — 2:26 
Madras. Group 4 . 2 16 10 56°59 | 16 10 58:29 | — 1:70 | — 2:34 
Great Arc. Group6 . 5 16 11 52°83 | 1611 58:05 | — 5-22 | — 5:86 
Mangalore. Group3 . 2 16 35 59:96 | 16 36 035 | — 0:39 | — 1:02 
Great Arc. Group7 . 5 17 81109 | 17 81473 | — 364 | — 424 
Madras. Group 5 . 2 17 21 57-54 | 17 22 457 | — 7:03 | — 7°62 
Combination IV. 26 16 4 862 | 16 41086 | — 224 | — 2°88 229 3:08 229 592 | — 2-79 





O18. 
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Comprnations of Latitudes and the resulting Arcs of Amplitude—(continued). 


Chain of triangles and stations. 


Bider Longitudinal os 
Great Arc. Group 


Bomba Todgieediel Teese : 


Mangalore. “Group 4 
Madras. Group 6 . 


Bombay, Colaba Observatory 


Great Are. Group 9. 
Madras. Group 7. 
Mangalore. Group 5. 
Madras. Group 8. 
Great Arc. Group 10. 


Combination V. . 


Combination VI. 































Latitudes. Arcs of amplitude. 
Number 
of ———_--—————| A-G. A—G.. Sess 
stations 
Astronomical. Geodetic. Astronomical. Geodetic. 
° ‘ “ ° r] “a “a “ 
7 17 35 54:33 17 35 59°60 | — 5:47 — 6-06 
2 18 9 002 | 18 9 258 ; — 2°58 — 312 
4 18 27 28°94 18 27 32°51 | — 3:57 — 411 
2 18 28 414 18 28 962 | — 5-48 — 6:02 
2 18 44 45°23: 18 44 4650 | — 1:27 — 1:80 
1 18 53 39°16 18 53 49°32 | —10°16 — 10°68 
4 19 5 10°90 19 5 15°88 | — 4-98 — 549 
2 19 36 56°79 | 19 37 350 | — 671 — 718 
2 20 72605 | 20 7 31:23 | — 518 — 563 
2 20 85 995 . 20 35 1555 | — 5:60 — 601 
3 20 48 43°69 20 48 50°69 | — 7:00 — 74 
33 19 1 16°41 19 1 2160 | — 5:19 257 7:79 2 57 10°74 
| 
3 21 46 50:00 | 21 46 56:25 — 6:25 
3 2245 463 2245 666 | — 2:03 
l 23 71564 ' 23 71973 | — 409 
1 23 8 39:10 | 23 8 43:97 | — 487 
2 23 20 15°69 ' 23 20 10°62 | + 5:07 





22 39 15:37 | — 237 3 37 56°59 













3 37 53°77 
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CompBrinations of Latitudes and the resulting Arcs of Amplitude—(continued). 


Chain of triangles and stations. 


Caleutta-Karachi longitadinal 


Great Arc. 
Bombay. 
Madras 


Mangalore. 
Great Are. 


Madras. 
Bombay. 
Mangalore. 





Origin. Kalianpur 
Group 1 . 

Group 11. 
Gronp7 . 

Group 11. 

Group 8 . 

Group 12. 

Group 2 

Group9 . 


Combination VII. . 


Great Arc. 
Madras. 
Bombay. 
Madras. 
Mangalore. 
Great Arc. 


Group 12. 
Group 13. 
Group 3 . 
Jarira. . 
Group 10. 
Group 13. 


Combination VIII . 


Bombay. 
Mangalore. 
Great Arc. 
Bombay. 


Mangalore. 
Mangalore. 


Group + . 
Group 11. 
Kalidna 


-Group5 . 


Group 12. 
Group 13. 


























Combination 1X. 




















Arcs of amplitude. 

A-G. A—G,. ; 

Astronomical. Geodetic. 
40°98 40°97 o 8 “a o 8 “a 
—734 —731 
+1:09 +1:12 
—2°39 —2°35 
+2°81 +2:96 : 
—2:24 —2°04 
+491 +521 
—0°54 —0:27 
—0°88 —0°53 ; 

iy : i 

! 

—0°22 —011 222.5959 | 2 22 57-44 
—5°41 —5:00 
+259 | 43:00 
+3°22 +3°72 
—5°56 -- 5:00 
—O15 +0°43 
—2°73 —2 11 
—0°89 —0°37 2 39 51:84 2 39 52°51 


+089 
—0°52 
—6'56 
— 2°20 
—3:37 
+191 


+1:29 
+0°32 
—5°72 
—118 
— 2:33 
+3°20 


—0°80 +0°10 


Number Latitudes. 
of Soe ianaTsccd 
stations. | 4 .tronomical. Geodetic. 
i : ‘ a ‘ a“ 
ate 8 4 1 585 | 24 1 487 
: 1 24 71110 24 7 11:10 
‘ 3 24 19 51:48 24 19 58°82 
2 2421 3:46 24 21 2:37 
2 24 25 17:32 24 25 1971 
2 25 21 2402 25 21 21:21 
2 25 41 3487 25 41 37:11 
3 25 51 25°16 25 51 30°25 
3 26 10 38°68 26 10 39°22 
3 26 40 41°71 26 40 42°59 
28 25 2 12°59 25 2 12°81 
2 27 31751 27 3 22:92 
2 27 7 45°40 27 7 42°81 
2 27 34 58°52 27 34 55°30 
1 27 59 5u°22 27 59 55°78 
3 28 6 2°78 28 6 2:93 
2 28 17 25:90 28 17 28°63 
12 27 42 443 | 27 42 «5:32 
3 28 55 52°01 28 55 51:12 
2 29 28 16:94 29 28 17:46 
1 29 30 47:98 29 30 54°54 
2 30 22 27:93 30 22 30:13 
2 30 30 13°89 30 30 17:26 
3 31 39 4:06 31 39 2°15 
13 30 9 259 30 9 3:39 


2 26 58:16 


2 26 58-07 





+2°49 


—0°26 


+047 


G18 
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From the preceding combinations we obtain the following table of what appear to 
be the most trustworthy results at present derivable from the operations of the Indian 
Survey :-— 

RESULTING MERIDIONAL ARCS. 








' 











Combinations. Astronomical latitudes. Astronomical amplitudes. Arc-lengths in feet. 
I. 8 43 1424 Sas 
2 27 59:03 894,947°2 
Il. 11 11 «13:27 
2 23 §2:27 870,416°6 
IIT. 13. 35 = 5°54 1 
2 29 3:08 902,015°2 
IV. 16 4 862 
2 57 7:79 1,072,166:9 
Vv. 19 1 1641 
3 37 «5659 1,319,028°9 
VI. 22 39 13:00 
2 22 59°59 865,705°7 
VII. 25 2 12°59 
2 39 51:84 968,481°6 
VIII. 27 42 4:43 
[ 2 26 58:16 890,617°5 
Ix. 30 9 259 








| | ! 
The arc-lengths in feet are deduced from the original geodetic amplitudes which 
are converted intu feet by the usual formule. 


For the Longitudinal Ares the treatment is simpler. As we assume the figure of the 
Earth to be spheroidal, and, therefore, the length of an are on any given parallel of 
. latitude to be exactly proportional to its amplitude, we have simply to form the 
longest arcs on the most convenient parallels of latitude which we can obtain from 
combinations of the given arcs. The whole of the arcs having been made consistent 
by the mathematical treatment which has been described, it does not matter which 
of them are employed in forming a combination ; but it will be convenient to take 
those which are nearest to the selected parallels. The combinations have the immense 
advantage of being free from all errors arising from local deflections of the pluinb- 
line, excepting those which occur at the extreme eastern and western stations of the 
arcs of parallel, those occurring at the intermediate stations becoming eliminated. 
Thus the magnitudes of the deflections which remain und cannot be eliminated will 
be reduced from large and significant fractions of small arcs to comparatively small 
and insignificant fractions of large arcs; at least this will happen in three out of the 
four cases to be now brought forward, the exception being the arc between Madras 
and Mangalore, which is necessarily a short one, the length being curtailed by the 
Indian Ocean. 

The following table gives the adopted longitudinal arcs and their combinations. 
It is arranged to show the excesses of the astronomical amplitudes over both the 

aM 2 
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original geodetic values and those values corrected to accord with the latest deter- 
mined lengths of the Earth’s axes, as a preliminary to obtaining estimates of the most 
probable values of the magnitudes of the local deflections of the plumb-line, in accord- 
ance with what has been previously done for the meridional arcs. It will be seen 
that what was of comparatively little importance for the meridional determinations is 
of considerable importance for the longitudinal. 


LONGITUDINAL Arcs and their Combinations. 





Amplitudes. A—G,. 
Names of arcs and combinations. |---| A--G. 


Astronomical.} Geodetic. In time. In are. 





First Arc.—Madras-Mangalore. Mean latitude 12° 58’ 8°95. 


a 


m. 8. m. &. 8. . 7; 
], Madras-Mangalore . . . | 21 36157 21 36°775 | —0°618 | —0°410 | — 615 











Second Aic.—Moulmein-Bombay Combination. Mean latitude 17° 41’ 52’°99. 











Moulmein-Akyab . . . .! 18 54985 18 55:432 —0°44.7 —0°260 — 3°90 
Akyab-Caleutta . . . . .| 18 9°386 18 9°431 —0°045 +0°137 + 2:06 
Calcutta-Waltair . . . .| 20 9178 20 9°684 —0°506 —0°305 — 458 
Waltair-Bolaram . . . .!| 19 11:489 19 11-482 +0°007 +0°196 + 2°94 
Bolarum-Bombay . . . ., 22 48801 22 49-479 —0°678 — 0452 — 678 
II. Moulmein-Bombay . . . .| 99 13°839 99 15:508 — 1-669 —0°684 —10:26 





Third Arc.—Chittagong-Kurrachee Combination. Mean latitude 23° 35’ 40°99, 





Chittagong-Calcutta © . .; 13 55°138 13 55-195 . -—0°057 +0:084 + 1:26 
Calcutta-Jubbulpore . . .| 383 37-695 33 37°744 —0°049 +0°292 + 438 
Jubbulpore-Deesa . . . .| 31 3°410 31 3°851 —0°441 —0°125 — 187 
Deesa-Kurrachee .. . .| 20 40°559 20 40°775 —0°216 —0°004 — 0-U6 


99 16°802 | 99 17-565 


III. Chittagong-Kurrachee . —0°763 +6247 + 371 





Fourth Arc.—Jalpaiguri-Quetta Combination. Mean latitude 28° 21’ 37°34. 


Jalpaiguri-Fyzabad . . . .{ 26 22:988 26 24308 — 1-320 — 1-046 —15°69 
Fyzabad-Agra . . . . .| 16 28:007 16 28°417 —0°410 —()239 — 3:59 
Agra-Mooltan . . . . .| 26 19:20 26 18 300 +0°720 +0°997 +1496 
Mooltan-Quetta . . . . «| 17 43528 17 43 714 — 0186 +0:002 + 0:03 


IV. Jalpaiguri-Quetta . . . .| 86 53543 | 86 54739 | —1:196 —0°286 — 429 
ge EN ag ce re I Sg os 
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Thus we obtain the following combination data for longitudinal arcs, as we already 
have done for meridional arcs :-— 


ResuLting LoncirupinaL ARcs. 

















Number of | i Astronomical Arc-lengths, 
Arc. Men Bde amplitude. in feet. 
I. 1258 8-95 "5 24 2:36 1,923,108 
II. 17 41 52:99 24 48 27°59 8,635,432 
II. 23 35 40:99 24 49 12:03 8,311,387 
IV. 28 21 37°34 21 43 23°15 6,987,444 





The first arc is too short to be employed in a geodetic investigation, because of the 
magnitude of the error in the astronomical amplitude, apparently caused by local 
deflections of the plumb-line towards the strata under the bed of the ocean at each 
extremity of the arc; the rule which has been adopted to govern the relations 
between the amplitude of an arc and the magnitude of the deflections requires that 
for such an error as we have here, apparently 6°15, the length of the are should be 
at least half as much again as it is. 

The second arc is good, though probably influenced to some extent by deflection 
towards the strata under the ocean at Bombay ; but this is of little significance in an 
are of so great length. 

The third arc is best of all, as it is apparently least affected by local deflections of 
the plumb-line, and is of considerable length. 

The fourth arc is not so good as the smallness of the sum of the local deflections 
suggests; it is burdened with considerable local deflection at Jalpaiguri, its eastern 
extremity, and possibly also at Quetta, its western extremity, which is situated on an 
elevated plateau 5500 feet high, and is surrounded by mountains which rise to a much 
higher altitude on the east than on the west; moreover, the geodetic connection 
between Mooltan and Quetta rests on a long single chain of secondary triangles, 
and is, therefore, much weaker than that of any of the other longitude stations, all of 
which are more or less immediately connected with the principal triangulation. 


Thus the results which may be put forward as essentially representing India’s con- 
tribution to geodesy consist of eight meridional arcs extending from latitude 
8° 43’ 14” to latitude 30° 9’ 8”, and resting—not as usual on latitude observations 
taken at one more station than the number of arcs, but—on latitude observations 
taken at 148 stations, giving an average of over 16 stations for each of the funda- 
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mental latitudes ; there are also two excellent longitudinal arcs on the parallels of 
17° 42’ and 23° 36’ each exceeding 24° in amplitude and 8,300,000 feet in length. 

In all mathematical investigations of the figure of the Earth which have yet been 
made, individual results have invariably been employed and never any combinations 
of results for the purpose of diminishing errors caused by local deflections of the 
plumb-line. This has almost certainly arisen from the circumstance that the astro- 
nomical data have been too few to be otherwise employed. But the Indian Survey 
furnishes abundant data, far exceeding what has ever been put forward hitherto by 
any other survey ; and these data not only indicate the general presence of: large 
local disturbances of the plumb-line and make it more prominent than appears to 
have been generally recognized hitherto, but they admit of and suggest, they almost 
necessitate, a system of combination of results which will have the happy result of 
greatly diminishing the influence of deflections of the plumb-line in future investiga- 
tions of the Earvh’s figure. 

The eight meridional and the two longest longitudinal arcs here given, are believed 
to be the most valuable contribution to geodetic science that has yet been made. 
They are the result of operations which have been carried on in India during a period 
of over ninety years, with more or less vigour at different times, but always with the 
cordial support and approval of the Government of India. 


DEscRIPTION OF PLATE. 


The accompanying Index Chart of the Great Trigonometrical Survey of India shows the whole of 
the Principal Triangulation, the Stations at which Astronomical Latitudes have been observed, and the 
Electro-Telegraphic Longitudinal Arcs; also the Pendulum Stations. It also shows the Azimuth 
Stations, the lines of the Spirit Levelling Operations, and the Secondary Triangulation to the Himalayan 
Mozntains and various points external to the Principal; but it omits for the sake of clearness all the 
large amount of internal Secondary Triangulation which has been executed. 


GNEL H.R.THUILLIER,C. 1. E.R.E., Surveyor - Gi 


October 1893. 
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